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Introduct ion 

Gasif icat ion of coa l  with a i r  o r  oxygen t o  produce low Btu (80-180 
Btu/SCF) or  intermediate  Btu (200-350 Btu/SCF) g a s  represents  a technology 
that i s  being given close scru t iny  by the  e l e c t r i c  power u t i l i t y  industry.  
Recent l e g i s l a t i o n  has  precluded the  use of  n a t u r a l  gas  a s  f u e l  for  base- 
load power generation. Fuel o i l  i s  following c l o s e l y  on the  hee ls  of  na tura l  
gas  and w i l l  not  be ava i lab le  to t h e  e l e c t r i c  u t i l i t y  indus t ry  f o r  baseload 
appl icat ions i n  t h e  near  future .  Coal, therefore ,  represents  the  last re- 
maining f o s s i l  op t ion  avai lable  to  the  u t i l i t y  indus t ry  f o r  baseload power 
generation i n  the  l a s t  decade of t h e  twent ie th  century and on, i n t o  the  
twenty f i r s t  century. 

Coincident with the  f u e l  crunch, t h e  u t i l i t y  indus t ry  i s  being confronted by 
an equally ser ious  and d i f f i c u l t  t o  handle environmental crunch. C o a l  gasi- 
f i c a t i o n  o f f e r s  t h e  p o t e n t i a l  f o r  cont ro l l ing  SO , NO and p a r t i c u l a t e  emis- 
s ions i n  a f a r  more e f f i c i e n t  and less cos t ly  magner khan can be achieved 
i n  pulver ized coal  bo i le rs .  

There a re  a v a r i e t y  of d i f f e r e n t  ways i n  which t h e  u t i l i t y  industry can em- 
ploy t h e  concept of coa l  q a s i f i c a t i o n  f o r  e l e c t r i c  power generation. Some 
of the mre obvious opt ions a r e  shown i n  Table 1. I t  is  important t o  rea- 
l i z e  t h a t  m o s t  of t h e  c o s t  and performance f i g u r e s  presented i n  Table l re- 
present  es t imates  generated by t h e  authors .  Spec i f ic  engineer ing s t u d i e s  
addressing each opt ion i n  d e t a i l  a r e  cur ren t ly  underway o r  a r e  i n  the  pro- 
cess  o f  being i n i t i a t e d .  It must be pointed out ,  however, t h a t  the  E l e c t r i c  
Power Research I n s t i t u t e  (EPRI) has been funding engineer ing and economic 
s tudies  of  g a s i f i c a t i o n  and combined cycle  systems wi th  F luor  Engineers and 
Constructors, Inc., Stone and Webster Engineering Corporation, R. M. Parsons, 
the  Bechtel Corporation and C. F. Braun f o r  many years .  Therefore, t h e  es- 
t imates  presented i n  Table 1 a r e  based on a s u b s t a n t i a l  body of c o s t  and per- 
formance information (1) (2) (3)  (4 )  (5) (6) (7) .  

A cursory glance a t  Table 1 indica tes  t h a t  op t ion  7 (methanol production) 
is too expensive to  be considered f o r  baseload f u e l  production. Consider- 
ing t h e  o t h e r  s ix  a l t e r n a t i v e s  presented i n  T a b l e  1, EPRI has  i d e n t i f i e d  
opt ions 5 and 6 ( in tegra ted  gasification-combined cycle  p l a n t s  and in tegra ted  
gasif icat ion-gas turb ine  power systems) a s  the  m o s t  a t t r a c t i v e  opt ions for 
baseload p o w e r  generation. Table 2 presents  c o s t  and performance est imates  
f o r  a var ie ty  of gasification-combined cycle power p l a n t s ( 3 ) .  It can be 
seen from t h i s  t a b l e  t h a t ,  i n  general ,  in tegra ted  g a s i f i c a t i o n  based power 
systems have the p o t e n t i a l  f o r  m r e  e f f i c i e n t  operat ion and lower c o s t  of 
e l e c t r i c i t y  than conventional c o a l  f i r e d  power p l a n t s  with f l u e  gas desul- 
fur iza t ion .  Keeping i n  mind t h e  f a c t  t h a t  in tegra ted  g a s i f i c a t i o n  based 
power p l a n t s  have t h e  p o t e n t i a l  to meet more s t r i n g e n t  environmental control  
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requirements as  wel l  a s  consuming s u b s t a n t i a l l y  l e s s  water than conventional 
p l a n t s ,  it is evident  why such systems represent  a mst a t t r a c t i v e  opt ion  
f o r  intermediate term baseload power generation. 

I t  should be noted t h a t  gasification-combined cycle  power systems have not 
y e t  been developed t o  t h e  poin t  where a u t i l i t y  company can order  and in- 
s t a l l  one with confidence. Such systems need to  be demonstrated a t  s u f f i -  
c i e n t l y  large scale (100MW - ZOOMW) such t h a t  t h e  u t i l i t y  industry w i l l  
have confidence t h a t  these p l a n t s  can generate e l e c t r i c i t y  re l iab ly  a t  the 
costs projected by the engineering s tudies .  

Table 1 indica tes  t h a t  in tegra ted  baseload gasification-combined cycle power 
p l a n t s  w i l l  only be ava i lab le  f o r  u t i l i t y  use i n  the  1990's. A major ques- 
t i o n  t h a t  m u s t  be addressed is: "Can coa l  gas i f ica t ion  technology be u t i l i z e d  
to a l l e v i a t e  u t i l i t y  needs f o r  c lean f u e l  p r i o r  t o  the 199O's?" The answer 
to t h i s  question has to be supplied i n  two p a r t s  i . e .  a) an inves t iga t ion  
of  the  development s t a t u s  of  near  term coa l  g a s i f i c a t i o n  technology and, 
b )  i d e n t i f i c a t i o n  of t h e  technica l  p o s s i b i l i t i e s  and c o s t  p o t e n t i a l  f o r  
rapid introduct ion of g a s i f i c a t i o n  systems f o r  u t i l i t y  power generation. 

S ta tus  of Near Term Gas i f ie rs  

Table 3 presents  a summary of the development s t a t u s  o f  near term coal  gasi-  
f i c a t i o n  options. It can be seen from t h i s  t a b l e  t h a t  the s u i t a b i l i t y  of 
the  three commercially ava i lab le  g a s i f i e r s  for  combined cycle power genera- 
t i o n  i s  not  good. Reasons f o r  the lack of s u i t a b i l i t y  range from low pres- 
sure  operation to excessive by-product production - a l l  of which r e s u l t  i n  
an  unacceptably high c o s t  of e l e c t r i c i t y .  It is  the  judgement of  these 
authors  t h a t  the  g a s i f i e r s  of fe r ing  t h e  g r e a t e s t  near term potent ia l  for  
combined cycle power generat ion a t  t h i s  t i m e  a r e  the Texaco and Shell/Koppers 
p a r t i a l  oxidation u n i t s .  This judgement is based on the  extensive ex- 
perience of the p a r t i c u l a r  organizat ions i n  p a r t i a l  oxidation of o i l ,  the 
s impl ic i ty  of t h e  g a s i f i e r s ,  t h e i r  feedstock f l e x i b i l i t y  ( a b i l i t y  t o  handle 
any coal as wel l  a s  o i l ) ,  absence of  byproducts in  the make gas ,  capabi l i ty  
f o r  high pressure operat ion,  and the  r e s u l t s  of extensive engineering and 
economic s tudies .  Information concerning t h e  Shell/Koppers device i s  sparce. 
Texaco claims t h a t  based on successfu l  operat ion of the  150 ton/day g a s i f i e r  
t o  be operated i n  Germany i n  1978, they could scale-up t o  1,000 tons coal/day 
capaci ty  with confidence. Therefore, it appears t h a t  the Texaco gas i f ica t ion  
opt ion  could be avai lable  f o r  u t i l i t y  use i n  t h e  e a r l y  1980's. 

Technical P o s s i b i l i t i e s  f o r  Near Term Introduct ion 

I t  has  already been mentioned t h a t  in tegra ted  gasification-combined cycle  
systems have not  y e t  been demonstrated to  the  p o i n t  where they would repre- 
s e n t  viable  commercial options f o r  t h e  e l e c t r i c  u t i l i t y  industry.  Although 
a l l  o f  the subsystems (i.e. g a s i f i e r s ,  gas clean-up modules, and combined 
cycles)  have been operated a t  l a r g e  s c a l e  independently, they have never 
been operated i n  an in tegra ted  mode f o r  power production. 
ing the a b i l i t y  t o  cont ro l  such in tegra ted  systems i n  a power p l a n t  environ- 
ment can only be s a t i s f a c t o r i l y  answered by bui lding and operat ing an in te -  
gra ted  t e s t  f a c i l i t y .  
posed by in tegra t ing  the  rap id ly  responding gas turbine and steam system 
w i t h  the more sluggish f u e l  production p lan t .  

Questions concern- 

One of t h e  major cont ro l  problems f o r  these systems is 

160 



2 
R 
R 
8 
m 

m m m  
p . p . m  m m m  
r l r l r l  

P 

$4 

0 PI 

$4 

0 PI 

3 m 

0 0 0  
I n 1 0 0  
r l r l o  

4 

d 
5 

m 
a P. 

rl 

x 

P 
0 4J 

R 

P 
0 4J 

VI 

R 

a \ 
0 4J 

0 W m 

R 

5 \ 

0 4J 

0 
N rl 

5 

4 
5 

4 
2 
.rl 

& 
c, 
w 
m 

4J m 
s 
rl 

8 
8 
x 

% 
4J m 
rl 

I, 

m 
rl 
m 

% 

8 

161 

P 
j 
4J 

w 

N 



The influence of control  problems on the o p e r a b i l i t y  of  t h e  system can be 
deemphasized by decoupling the fue l  p l a n t  from the power equipment i . e .  
the  gas i f ica t ion  p l a n t  would operate  independently of  the power p l a n t  and 
would simply produce "over the fence" fue l  gas t o  be consumed by the  
power system. The major penal ty  t o  be pa id  due t o  system decoupling is  a 
s ign i f icant  decrease i n  power p l a n t  e f f ic iency  with a r e s u l t a n t  increase 
i n  the cost of e l e c t r i c i t y  (compare the  hea t  r a t e s  of options 1 and 4 as 
wel l  as opt ions 2 and 5 from T a b l e  1). The main advantage t o  be derived 
from decoupling the system i s  the  f a c t  t h a t  engineering for the  f i r s t  of 
such power p l a n t s  could be s t a r t e d  i n  1978. 

Non-integrated g a s i f i c a t i o n  based power systems of the type discussed above 
could m o s t  r ead i ly  be achieved by r e t r o f i t t i n g  e x i s t i n g  power p l a n t s  which 
i n  the near future  w i l l  have d i f f i c u l t y  securing adequate fuel  suppl ies  i . e .  
gas and o i l  f i r e d  b o i l e r s  as wel l  as conventional combined cycle power p l a n t s .  
Such r e t r o f i t t i n g  can be acccomplished i n  one of two d i f f e r e n t  ways. Cen- 
t r a l i z e d  gas i f ica t ion  p lan ts  can be constructed t o  produce intermediate Btu 
f u e l  gas f o r  l imited dis tance p i p e l i n e  d i s t r i b u t i o n  t o  one or more power p l a n t s .  
Alternat ively,  on-si te  r e t r o f i t t i n g  of  individual  power p lan ts  can be affected.  
The remainder of  this paper w i l l  address t h e  above two r e t r o f i t  opt ions and 
w i l l  attempt t o  h ighl ight  the advantages and disadvantages of each. 

Centralized Gasif icat ion P lan ts  

Large (10,000 tons/day coa l  - 30,000 tons/day coal)  cen t ra l ized  g a s i f i c a t i o n  
p lan ts  could be constructed t o  produce intermediate Btu gas f o r  transmission 
t o  a number of power p lan ts .  Such g a s i f i c a t i o n  p l a n t s  would have t o  produce 
250 Btu/SCF t o  300 Btu/SCF gas f o r  two major reasons. F i r s t ,  the  c o s t  of 
pipel ine d i s t r i b u t i o n  f o r  low Btu gas  is excessively high. A l s o ,  it has 
been shown by both Babcock and Wilcox (8) and Combustion Engineering (9) tha t  
r e t r o f i t t i n g  gas and o i l  f i r e d  b o i l e r s  with f u e l  gas having a heat ing value 
much below 250 Btu/SCF w i l l  resul t  i n  a ra ther  se r ious  derat ing of the 
ex is t ing  boi le rs .  

Some of t h e  major advantages and disadvantages o f  la rge  cent ra l ized  gas i f ica-  
t i o n  plants  are  shown i n  Table 4.  
t h e  p o l i t i c a l  and environmental problems associated w i t h  intermediate Btu gas 
transmission shown i n  Table 4 ,  t h e  opt ion of  la rge  cent ra l ized  g a s i f i c a t i o n  
p l a n t s  does not  appear t o  o f f e r  s u f f i c i e n t  economic incent ive t o  be 'g iven  
major consideration by the e l e c t r i c  u t i l i t y  industry a t  t h i s  t i m e .  

Based on the  high c o s t  of fue l  gas and 

Gasif icat ion Plants For On-Site Ret rof i t t ing  

There is an e n t i r e  category o f  gener ic  quest ions associated with on-si te  re- 
t r o f i t t i n g  of conventional steam e l e c t r i c  power p l a n t s  a s  w e l l  a s  combined 
cycle  f a c i l i t i e s  with g a s i f i c a t i o n  systems that are s i t e  s p e c i f i c  i .e.  space 
a v a i l a b i l i t y ,  r a i l  access, coal  supply, environmental requirements (non de- 
gradation s tandards) ,  e t c .  t h a t  need t o  be closely examined before any re- 
t r o f i t  decis ion can be made. The purpose of t h i s  paper i s  t o  poin t  o u t  
some of t h e  technical  oppor tuni t ies  and cons t ra in ts  associated with on-s i te  
r e t r o f i t t i n g  assuming t h a t  t h e  answers t o  the above mentioned generic  ques- 
t i o n s  a re  a l l  pos i t ive .  
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A. Retrof i t t ing  Exis t ing G a s  and O i l  Fi red Boilers  

In  order to  f i r e  coal  derived f u e l  gas i n  an  e x i s t i n g  b o i l e r  designed f o r  
natural  gas or o i l  f i r i n g ,  Combustion Engineering (9) and Babcock and 
Wilcox ( 8 )  both claim that the heat ing value of the  gas should be above 
250 Btu/SCF i n  order  no t  t o  dera te  the  steaming capaci ty  of the b o i l e r .  
Summary r e s u l t s  of the Combustion Engineering (9) study are  shown i n  
Table 5. The heat ing value requirement of the gas employed f o r  t h i s  
s i t u a t i o n  d i c t a t e s  t h a t  the  g a s i f i e r  be oxygen blown. As f u e l  gas f o r  t h i s  
appl icat ion i s  not  needed a t  high pressure,  an atmospheric pressure g a s i f i e r  
could be u t i l i z e d .  Therefore, f o r  b o i l e r  r e t r o f i t t i n g ,  e i t h e r  an oxygen 
blown Texaco g a s i f i e r  or an oxygen blown Combustion Engineering g a s i f i e r  
could be employed. EPRI has  re ta ined  the  Bechtel Power Corporation t o  
study t h e  cos t  of e l e c t r i c i t y  from t h i s  type of  r e t r o f i t .  

I t  i s  the opinion of these authors t h a t  t h e  e l e c t r i c i t y  generated by t h i s  
technique w i l l  be expensive due pr imari ly  t o  the  excessively high hea t  
r a t e s  an t ic ipa ted  f o r  such systems (see Table 1, opt ion 1). Such hea t  r a t e s  
a re  unavoidable f o r  decoupled systems as the e f f ic iency  of the conversion of 
coal  to intermediate Btu gas ranges from 65% t o  75%. These g a s i f i c a t i o n  
e f f i c i e n c i e s  a r e  somewhat lower than the much quoted cold gas e f f i c i e n c i e s  
as  theyinclude the f i r i n g  of up t o  10% o f  the clean f u e l  gas produced to 
supplement superheated steam requirements f o r  the  a i r  separat ion p l a n t  or 
t o  superheat steam generated i n  t h e  gas  coolers  following the g a s i f i e r .  
Dividing the  e x i s t i n g  steam p l a n t  hea t  rates (ranging from 9,500 Btq/kWh t o  
11,000 Btu/kWh) by the f u e l  production e f f i c i e n c i e s  (65% t o  75%) r e s u l t s  i n  
overal l  system heat  r a t e s  i n  the range 13,000 Btu/kWh t o  17,000 Btu/kWh. 
Not only a r e  these high hea t  rates c o s t l y  from a f u e l  consumption poin t  of 
view, they w i l l  a l s o  require  excessively high c a p i t a l  expenditures as the  
gas i f ica t ion  p l a n t  needed to produce 1000 MW a t  a heat  r a t e  of  17,000 Btu/ 
kWh w i l l  be twice the s i z e  of t h e  same capaci ty  system having a hea t  r a t e  of 
8,500 Btu/kwh ( i . e .  an in tegra ted  gasification-combined cycle  power p l a n t ) .  

Notwithstanding the  promise of s u b s t a n t i a l  t ax  incent ives  by the  cur ren t  
adminis t ra t ion f o r  t h i s  type of r e t r o f i t ,  the  f u e l  and c a p i t a l  u t i l i z a t i o n  
e f f i c i e n c i e s  a r e  s u f f i c i e n t l y  poor to  render t h i s  opt ion of low long term 
i n t e r e s t  t o  t h e  bulk of the e l e c t r i c  u t i l i t y  industry.  

8. Retrof i t t ing  Exis t ing O i l  Fired Combined Cycles 

Nost of the s ta tements  made concerning the r e t r o f i t  of e x i s t i n g  steam e l e c t r i c  
power p l a n t s  apply t o  lthe decoupled r e t r o f i t t i n g  of o i l  f i r e d  combined cycle  
equipment with three  d i f fe rences :  

(i) For t h i s  appl ica t ion ,  a pressurized g a s i f i e r  such as t h e  Texaco u n i t  
would be preferred as  fue l  gas  must be del ivered to the gas turbine 
combustor i n l e t  system a t  pressures  ranging from 230 p s i a  t o  280 ps ia .  

(ii) Air or oxygen blowing of the  g a s i f i e r  would be acceptable a s  gas turb ine  
combustors can be modified t o  f i r e  e i t h e r  low Btu gas o r  intermediate 
Btu gas. This statement must be t rea ted  with extreme caution. I f ,  f o r  
example, the g a s i f i e r  i s  a i r  blown and the a i r  i s  not  ex t rac ted  from t h e  
gas turbine a i r  compressor, the turbine would s u f f e r  a major dera t ing  
due t o  the  mismatch between compressor and expansion turb ine  sect ions 
r e s u l t i n g  from the high mass flow r a t e  of  low Btu f u e l  gas. Modification 
of an e x i s t i n g  gas turbine f o r  a i r  ex t rac t ion  i s  not simple and could 
r e s u l t  i n  a high c a p i t a l  c o s t .  

164 



In 

165 



( i i i ) T h e  overa l l  system hea t  r a t e  would be approximately 10% b e t t e r  than 
t h a t  f o r  the steam e l e c t r i c  power p l a n t  due t o  the higher e f f ic iency  
of the  combined cycle system (see  T a b l e  1, Option 2 ) .  

Although the  decoupled r e t r o f i t  o f  e x i s t i n g  combined cycle systems appears 
t o  be somewhat more a t t r a c t i v e  from a c o s t  and hea t  ra te  point  of view than 
t h e  r e t r o f i t  of e x i s t i n g  steam e l e c t r i c  power p l a n t s ,  the heat r a t e s  and 
c a p i t a l  requirement es t imates  shown i n  Table 1 a r e  s t i l l  too high t o  make 
t h i s  a high p r i o r i t y  opt ion f o r  the  e l e c t r i c  u t i l i t y  industry.  

To t h i s  point ,  the  e n t i r e  r e t r o f i t t i n g  discussion.has been based on the  pre- 
mise tha t  t h e  power production p l a n t  ( i . e .  the steam b o i l e r  o r  the combined 
cycle  system) has a l ready been constructed and operated a t  a s p e c i f i c  si te.  
Based on t h e  preceding discussions,  none of the r e t r o f i t  scenarios involving 
total decoupling of the g a s i f i c a t i o n  p l a n t  and the power system appears to 
o f f e r  an a t t r a c t i v e  baseload opt ion t o  the  e l e c t r i c  u t i l i t y  industry.  

There are ,  however, a t  l e a s t  two addi t iona l  p o s s i b i l i t i e s  for  r e t r o f i t t i n g  
combined cycle power p l a n t s  with g a s i f i c a t i o n  systems t h a t  o f f e r  the poten- 
t i a l  for  lower hea t  r a t e s  and lower c o s t s  than the  decoupled r e t r o f i t  d is-  
cussed previously. These new s i t u a t i o n s  w i l l  be termed in tegra ted  r e t r o f i t s .  

Poten t ia l  f o r  Integrated R e t r o f i t s  

Two types of in tegra ted  r e t r o f i t  p o s s i b i l i t i e s  w i l l  be discussed i . e .  
1) Constructing the g a s i f i c a t i o n  p l a n t  f i r s t  and f i r i n g  the clean f u e l  

gas i n  an e x i s t i n g  b o i l e r .  When the g a s i f i c a t i o n  p l a n t  has been demon- 
s t r a t e d  t o  operate  r e l i a b l y  and e f f i c i e n t l y ,  it can be r e t r o f i t  and in-  
tegrated w i t h  a combined cycle power p lan t .  
Constructing an o i l  f i r e d  combined cycle power p lan t  i n i t i a l l y  t o  be 
r e t r o f i t  and in tegra ted  with a g a s i f i c a t i o n  p l a n t  a t  some later date .  

2)  

A) Integrated R e t r o f i t  - Gasi f ica t ion  Plant  I n i t i a l l y  

The major a t t r a c t i o n  of t h i s  opt ion i s  t h a t  it provides f o r  the e a r l i e s t  
possible introduct ion of coa l  g a s i f i c a t i o n  as  a source of  clean fue l  for  the 
u t i l i t y  industry without the disadvantage of having t o  suf fer  major thermal 
inef f ic ienc ies  f o r  t h e  e n t i r e  l i f e  of  the g a s i f i c a t i o n  p l a n t .  

This could be achieved technica l ly  a t  an ear ly  t i m e  by construct ing a s e l f  
s u f f i c i e n t  oxygen blown Texaco g a s i f i c a t i o n  p l a n t  a t  a u t i l i t y  s i t e  having 
t h e  necessary space requirements a s  wel l  as an o i l  or gas f i r e d  steam elec-  
t r i c  power p lan t .  For the  i n i t i a l  design, steam t o  power the a i r  separat ion 
p l a n t  as w e l l  a s  the oxygen compressors would be generated i n  the g a s i f i e r  
gas coolers and could then be superheated i n  a furnace f i r e d  with clean fue l  
gas .  
e x i s t i n g  b o i l e r  f o r  power production ( a t  an o v e r a l l  system heat r a t e  of 
13,000 Btu/kWh t o  17,000 Btu/kWh). The purpose of t h i s  phase o f  the p r o j e c t  
would be t o  demonstrate the  o p e r a b i l i t y  of the g a s i f i c a t i o n  - gas clean-up 
system under u t i l i t y  operat ing condi t ions.  

The clean intermediate  Btu f u e l  gas produced could be f i r e d  i n  the 

The second phase of  the p r o j e c t  would involve r e t r o f i t t i n g  and in tegra t ing  
t h e  gas i f ica t ion  p l a n t  with a combined cycle system. Major in tegra t ion  
fea tures  would include : 

0 superheating steam produced i n  the  gas i f ica t ion  gas coolers  i n  the 
new heat  recovery steam generator  (HRSG) f o r  introduct ion i n t o  the  
new steam turbine.  
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0 ext rac t ion  of steam from the  new steam turbine o r  HRSG t o  power the  
air separat ion p l a n t ,  oxygen compressors and gas clean-up system. 

0 possibly reheating clean f u e l  gas i n  the new HRSG 

0 supplying hot  b o i l e r  feed water from the  new HRSG to  the  g a s i f i e r  
gas coolers .  

The major purpose of  t h i s  phase of the p r o j e c t  would be t o  demonstrate the  
operabi l i ty  of an in tegra ted  gasification-combined cycle  power p l a n t  ( the  
major incent ive f o r  coa l  gas i f ica t ion)  under u t i l i t y  operat ing condi t ions.  

Some of the advantages and disadvantages assoc ia ted  with t h i s  opt ion a re  shown 
i n  Table 6. In  summary, t h i s  form of r e t r o f i t  provides f o r  t h e  e a r l i e s t  low 
r i s k  introduct ion of  coa l  gas i f ica t ion  f o r  environmentally acceptable  e l e c t r i c  
power generation. The penal t ies  t o  be paid a r e  high cos t ,  l imi ted  capaci ty  
and a r e l a t i v e l y  shor t  p l a n t  l i f e .  

B. Integrated Ret rof i t  - Combined Cycle P lan t  F i r s t  

The major a t t r a c t i o n  of t h i s  opt ion is  t h a t  i t  provides f o r  extremely rapid 
introduct ion of new o i l  f i r e d  baseload capaci ty  without any i n i t i a l  r i s k  
being taken concerning the  i n t e g r a b i l i t y  and o p e r a b i l i t y  of  gas i f ica t ion-  
combined cycle power p lan ts .  

I n i t i a l l y ,  conventional o i l  f i r e d  combined cycle equipment would be i n s t a l l e d .  
Salable e l e c t r i c i t y  could be produced approximately three  years  a f t e r  i n i -  
t i a t i o n  of  p r o j e c t  engineering. A t  some l a t e r  da te ,  a f t e r  demonstration 
of the v i a b i l i t y  of in tegra ted  gasification-combined cycle  power p l a n t s ,  the  
ex is t ing  combined cycle f a c i l i t y  could be r e t r o f i t  and in tegra ted  with a coa l  
gas i f ica t ion  p lan t .  
on the f a c t  t h a t  knowing t h a t  the in tegra ted  r e t r o f i t  i s  t o  take  p lace  
some t i m e  i n  the fu ture ,  t h e  i n i t i a l l y  i n s t a l l e d  combined cycle p l a n t  could 
be designed t o  minimize the  cos t  o f  the  fu ture  r e t r o f i t .  Some key technica l  
quest ions concerning t h i s  type of r e t r o f i t  are:  

One of the major advantages of  t h i s  scenario is based 

0 can the  gas turbine combustor cans be designed f o r  dual  f u e l  
capabi l i ty  i . e .  f o r  f i r i n g  o i l  i n i t i a l l y  and switching t o  low 
Btu or intermediate  Btu gas a t  some l a t e r  time? Such combustors 
a r e  cur ren t ly  being designed by General E l e c t r i c .  

0 I f  the g a s i f i c a t i o n  p l a n t  i s  to be a i r  blown, can the  gas turbine 
wrapper be designed t o  accommodate a i r  e x t r a c t i o n  a t  some l a t e r  da te?  
I f  no t ,  what would be the  c o s t  of changing t h e  wrapper a t  the  time 
of  the r e t r o f i t ?  

0 I f  the g a s i f i c a t i o n  p lan t  i s  t o  be oxygen blown, w i l l  t h e  compressor/ 
turbine mismatch a f t e r  r e t r o f i t t i n g  r e s u l t  i n  a s i g n i f i c a n t  dera t ing  
of the  gas turbine? 

A conventional combined cycle HRSG is  balanced with respec t  to  
steam generation. 
ca t ion  p lan t ,  much interchange of b o i l e r  feed  water and steam must 
take place between the g a s i f i c a t i o n  p l a n t  and the  HRSG. Can the 
HRSG be designed i n i t i a l l y  t o  accommodate the  r e t r o f i t ?  I f  no t ,  
what type of modifications w i l l  have t o  be made t o  the  e x i s t i n g  
HRSG? W i l l  it be cheaper t o  modify the  e x i s t i n g  HRSG than t o  scrap 
i t  and cons t ruc t  a new HRSG? 

0 

For the  in tegra ted  r e t r o f i t  with a Texaco gas i f i -  
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what is the incremental cos t  of  i n i t i a l l y  s i z i n g  power p l a n t  
a u x i l i a r i e s  (i.e. deaerator ,  water treatment, cooling towers, e t c . )  
such t h a t  a t  the  time of the r e t r o f i t  only minor modifications 
would be required? 

Answers t o  these and o ther  technical  questions should be developed as  soon 
as possible  i f  t h i s  form of  r e t r o f i t t i n g  i s  t o  be given ser ious considera- 
t i o n  by the e l e c t r i c  u t i l i t y  industry.  

Some of the advantages and disadvantages of t h i s  type of r e t r o f i t  a re  shown 
i n  Table 7. In  summary, t h i s  opt ion provides the opportunity f o r  rapid in-  
s t a l l a t i o n  of  new o i l  f i r e d  baseload capaci ty  while awaiting the  demonstra- 
t ion  of the gasification-combined cycle power p l a n t  concept. The penal t ies  
t o  be paid a r e  higher than normal c o s t s  associated with the o r i g i n a l  combined 
cycle equipment (which might be more than o f f s e t  by the f a c t  t h a t  the p l a n t  
i s  being constructed a t  an ear ly  date ,  thereby el iminat ing i n f l a t i o n  and 
esca la t ion  cos ts  t h a t  would have been incurred i f  the e n t i r e  p l a n t  had been 
constructed a t  some l a t e r  date) a s  well as  the p o s s i b i l i t y  of owning a p lan t  
f o r  which a guaranteed fue l  supply cannot be assured i f  gasification-combined 
cycle power p l a n t s  do not emerge as  an economic opt ion f o r  e l e c t r i c  power 
generation ,- 

I n  conclusion, it can be s t a t e d  t h a t  the  information presented i n  Tables 6 
and 7 ind ica tes  t h a t  t h e  t w o  forms of in tegra ted  r e t r o f i t t i n g  discussed i n  
this paper have the p o t e n t i a l  f o r  providing a t t r a c t i v e  opt ions f o r  the  e l e c t r i c  
u t i l i t y  industry t o  replace o i l  and gas f i r i n g  with coal  gas i f ica t ion  i n  a 
low r i s k  and timely manner. A number of  unanswered technical  and economic 
questions have t o  be resolved before  these options can be given ser ious  con- 
s idera t ion .  During 1978, E P R I ,  i n  conjunction w i t h  a number o f  member u t i l i -  
t i e s ,  w i l l  attempt t o  f ind  answers t o  most of t h e  major unresolved i ssues .  
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Evaluation of  Coal-Fired F lu id  Bed Combined Cycle Power Plant  

A. J. Giramonti*, J.  W. Smith**, R .  M. Costello***, 
D .  A Huber***, and J. J. Horgan' 

ABSTRACT 

Recent s tud ies  and research ind ica te  t h a t  fluidized-bed combustion systems, 
operat ing a t  atmospheric o r  e levated pressure i n  a combined cycle  power p l a n t ,  o f f e r  
t h e  poten t ia l  f o r  producing e l e c t r i c a l  energy from coal  within present  environmental 
r e s t r a i n t s  f o r  c lean  f l u e  gas emissions and a t  a cos t  l e s s  than  f o r  conventional 
steam power p l a n t s  u t i l i z i n g  low-sulfur c o a l  o r  f l u e  gas cleanup equioment. The 
team of Burns and Roe I n d u s t r i a l  Services Corporation, United Technologies Corpora- 
t i o n ,  and Babcock & Wilcox Company i s  under cont rac t  t o  t h e  Department of Energy t o  
prepare a conceptual design f o r  such a p l a n t .  The major ob jec t ives  of t h i s  program 
a r e  t o  ident i fy  the  technology required t o  develop a coal-f i red pressurized f l u i d  
bed combustor t o  dr ive  an i n d u s t r i a l  gas t u r b i n e  and t o  def ine t h e  technica l  and 
economic c h a r a c t e r i s t i c s  of a nominal 600 Mw base- o r  intermediate-load combined 
cycle  power p l a n t .  

Several cycle configurat ions with var ia t ions  of cycle  parameters were inves t i -  
gated during t h e  course of t h i s  study. These include t h e  considerat ion of d i f f e r -  
en t  pressure ratios, t h e  use of an unf i red  and f i r e d  steam bottoming cycle ,  and 
reheat ing the  gas  stream before t h e  power turb ine .  Eff ic iency est imates  f o r  these  
v a r i a t i o n s  range from about 38 percent  f o r  t h e  unfired waste hea t  system t o  over 43 
percent  for  t h e  reheat system. A s  a r e s u l t  of various trade-off s t u d i e s ,  a commer- 
c i a l  p l a n t  cyc le  arrangement has been se lec ted  which incorporates  a coal-f i red pres- 
sur ized f l u i d  bed combustor, operat ing a t  10 atm and 1650 F, and supplementary 
f i r i n g  of t h e  gas  t u r b i n e  exhaust i n  a coal-f i red atmospheric pressure f l u i d  bed 
b o i l e r  which produces 2400 psig/lOOO F/1000 F steam. 
p i l e  t o  bus bar eff ic iency f o r  t h e  se lec ted  system a r e  around 41 percent  (gross ,  

Preliminary est imates  f o r  coa l  

HHV). 

*United Technologies Corporation 
**gabcock & Wilcox Company 
***Burns and Roe Indus t r ia l  Services  Corporation 
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INTRODUCTION 

Over the years, coal has become a major source of energy for power generation 
by electric utilities. However, it has become apparent that the use of coal 
requires control of the products of combustion to be compatible with the environ- 
ment. This fact, coupled with the increased emphasis on coal usage has created an 
incentive to develop alternate methods of extracting energy from coal in an 
environmentally and economically acceptable way. In addition, it is highly 
desirable that these alternate methods result in more efficient coal utilization. 
Recent studies (1) indicate that the use of gas turbines in conjunction with flu- 
idized bed combustion systems in a combined cycle power plant offer potential for 
satisfying these needs. 

The feasibility of burning coal directly in an open cycle gas turbine was 
investigated by Bituminous Coal Research Inc., as early as 1944 when a coal-fired 
competitor to the diesel engine for railroad applications was being sought. 
intervening years, a number of organizations have attemFted to design and test 
direct coal-fired gas turbines. However, problems with corrosion, erosion, and 
deposition on turbine blading due to the amount and nature of the ash passed through 
the high-temperature combustion zone have prevented the development of a commer- 
cially viable product. 
tion should alleviate the problems. 
(Contract EX-76-c-01-2371) the Burns and Roe Industrial Services Corporation, 
United Technologies Corporation, and the Babcock & Wilcox Company have formed a 
team to investigate the feasibility of a combined cycle plant utilizing a gas tur- 
bine with a pressurized fluid bed combustor. The purpose of this paper is to pre- 
sent important preliminary findings from the first year of effort on the DOE pro- 
gram. Because of the exploratory nature of this effort, some desired technical 
information is not yet available; indeed, more questions might be raised than are 
answered by this discussion, Nevertheless, it is deemed appropriate to present the 
preliminary findings to stimulate early discussion of this promising concept. 

In the 

The low temperatures associated with fluidized bed combus- 
Under Department of Energy (DOE) sponsorship 

AIR-COOLED PRESSURIZED FLUID BEE 

Fluid bed combustion as currently discussed involves the combustion of coal in 
a fluid bed containing a crushed sulfur acceptor such as limestone o r  dolomite. 
Pressurized fluid bed (PFB) combustion is similar to atmospheric fluid bed (AFB) 
combustion except that the process takes place under a pressure of several atmo- 
spheres such as would exist at the exhaust of the compressor of a gas turbine 
unit. 
bine combustor (Figure 1). 
studied by several investigators (2  through 7 ) .  
operated with a PFB combustor burning coal (8). 

PFB combustion, therefore, offers the potential of serving as the gas tur- 
This use of a PFB as a gas turbine combustor has been 

Indeed, a 1-MW gas turbine has 

The temperature of the combustion process would be controlled by heat extrac- 
tion from the bed and/or by controlling the fuel-air ratio in the bed. 
necessary to maintain the PFB temperature at about 1650 F to minimize the release of 

It would be 
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v o l a t i l e  a lka l ine  metal compounds which would otherwise cause severe corrosion i n  
t h e  gas turbine and t o  assure  an operat ing margin below t h e  coa l  ash sof tening tem- 
pera ture  t o  prevent agglomeration within t h e  bed. The low combustion temperature 
a l s o  would r e s u l t  i n  NO emissions t h a t  a r e  lower than t h e  Federal EPA l i m i t s  f o r  
coa l  f u e l .  

X 

Higher PFB operating temperature would be benef ic ia l  t o  cycle performance and 
carbon u t i l i z a t i o n .  
t o r i l y  operated up t o  1750 F without incurr ing problems w i t h  su l fur  re ten t ion  or  
ash s in te r ing ,  bu t  deposi ts  of e l u t r i a t e d  mater ia l  on  t h e  w a l l s  of t h e  primary 
cyclone and i n  t h e  turb ine  could be excessive. 
i n  t h e  l i t e r a t u r e  ( 9 ) ,  a bed operat ing temperature of 1650 F was se lec ted  f o r  
t h e  cycle  analysis  and PFB combustor design.  

It appears ( 9  through 13 )  t h a t  f l u i d  beds could be s a t i s f a c -  

Considering t h e  experience reported 

A s  t h e  mechanical design of t h e  PFB combustor developed it w a s  determined t h a t  
temperatures grea te r  than 1650 F would not  be p r a c t i c a l .  The heat  exchange surface 
within t h e  PFB must be designed f o r  the  bed temperature plus  a margin for  operat ing 
var ia t ions .  
t u r e  was used f o r  the  bed i n t e r n a l s .  At t h i s  temperature l e v e l  the  ava i lab le  mate- 
rials exhibi t  l i t t l e  s t rength.  The lower allowable s t r e s s  leve ls  t h a t  would r e s u l t  
from using higher bed temperature would make such a design impract ical ,  i f  not 
impossible. Also,  while corrosion of t h e  in-bed surface has not  been quant i f ied,  
it would be expected t o  be more severe at higher operating temperatures. 

Consequently, f o r  t h e  1650 F bed temperature a 1700 F design tempera- 

With the PFB process it should be poss ib le  t o  capture  suf f ic ien t  su l fur  prod- 
uc ts  t o  permit use  of high-sulfur coals and s t i l l  meet the  current  EPA l i m i t  of 
1 . 2  l b  S02/106 Btu input .  For a t y p i c a l  3.4 percent  s u l f u r ,  12,000 Btu/lb HHV 
coal  t h e  required su l fur  removal e f f ic iency  i s  about 80 percent. Dolomite appears 
t o  be an e f fec t ive  su l fur  acceptor ,  and ava i lab le  da ta  ( 9 ,  10) ind ica te  t h a t  a 
calcium/sulfur r a t i o  near 1 . 0  should be adequate t o  achieve t h e  desired 80 percent 
s u l f u r  re ten t ion  a t  t h e  se lec ted  bed operat ing condi t ions.  

A low f lu id iz ing  ( s u p e r f i c i a l )  gas ve loc i ty  is desirable  t o  reduce e l u t r i a -  
t i o n  from t h e  bed, thereby reducing both t h e  carbon l o s s  and t h e  required par t ic -  
u l a t e  cleanup duty. It should be noted t h a t  t h e  s i z e  of both t h e  coa l  and 
dolomite feed must be properly r e l a t e d  t o  t h e  f l u i d i z i n g  ve loc i ty ,  w i t h  increased 
ve loc i ty  implying increased s i z e s .  Low ve loc i ty  a l s o  implies a la rger  bed area  
r e s u l t i n g  i n  a shallower bed and, hence, lower bed pressure loss .  A f lu id iz ing  
ve loc i ty  of 2.5 - 3.0 fps  w a s  se lec ted  f o r  the  PFB design r e f l e c t i n g  previous 
work ( 9  through 11). 

Even with low f l u i d i z i n g  ve loc i ty ,  a highly e f f i c i e n t  p a r t i c u l a t e  removal 
system would be required t o  prevent excessive turb ine  blade erosion.  
cos t  of t h e  p a r t i c u l a t e  removal system i s  s t rongly influenced by t h e  volume of gas 
passing through it, one method of reducing the  system cost  would be t o  l i m i t  t h e  
combustion a i r  flow (and hence t h e  d i r t y  gas flow) t o  only as much as  required f o r  
coal  combustion within the  PFB. This could be accomplished by s p l i t t i n g  t h e  com- 
pressor  discharge flow with approximately 25 percent  of t h e  a i r  being routed t o  
t h e  PFB combustion zone and t h e  remainder of t h e  a i r  being routed through t h e  bed 
cooling system cons is t ing  of  tubes immersed within t h e  f l u i d  bed. 
re leased during t h e  combustion process would be t ransfer red  t o  t h e  cooling a i r  

Since t h e  

The heat  
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l e s s  than one-quarter of  t h e  oxygen avai lable  i n  t h e  air ,  the turbine exhaust gas '  
could support considerable f i r i n g  of addi t iona l  coal .  
generator was considered as t h e  means f o r  capturing the  SO2 re leased during the  
f i n a l  combustion process. 
a i r  cooled e i ther  by varying excess a i r  t o  the  bed o r  by using a sp l i t - f low arrange- 
ment  similar t o  t h a t  described f o r  the  PFB i n  Figure 1. 
approach, heat would be recovered from t h e  a i r  and combustion gases i n  a waste heat  
steam generator. 

For t h i s  study, an AFB steam 

The AFB could be steam cooled, as noted i n  Figure 4, or 

With e i t h e r  air-cooled 

The performances of  these various combined cycle configurations and of the  
simple cycle gas turb ine  a r e  compared i n  Figure 5. Selected component e f f ic iency ,  
pressure loss ,  and temperature assumptions used i n  t h e  ca lcu la t ions  a r e  summarized 
i n  Table I. 
eff ic iency (about 38 percent ,  HHV) b u t ,  s ince it requires  combustion at  only one 
point  i n  t h e  cycle, it i s  a less complex configuration than the  o ther  cycles and has 
been u t i l i z e d  as a reference point  i n  the  economic ana lys i s .  The reheat  system 
o f f e r s  the highest p o t e n t i a l  e f f ic iency  (43 percent ,  HHV) but increases  t h e  complex- 
i t y  of the  gas turbine design and requires  a reheat  f l u i d  bed combustor with an 
associated par t icu la te  removal system. The FFB gas turb ine  topping of  t h e  AFB steam 
cycle has a n  a t t r a c t i v e  eff ic iency (approaching 4 1  percent ,  HHV) and shows promise 
f o r  minimum equipment cos t  because of i t s  r e l a t i v e l y  high spec i f ic  work. 

A s  expected, the  waste heat recovery system displays t h e  lowest 

ECOMONIC ANALYSIS 

The se lec t ion  of t h e  commercial p lan t  configuration cannot be made on t h e  bas i s  
of performance alone. The most important se lec t ion  c r i t e r i o n  is overa l l  cost  of 
e l e c t r i c i t y ;  therefore ,  an order of magnitude analysis  w a s  made t o  estimate t h e  
r e l a t i v e  c a p i t a l  and operating costs  of  t h e  a l t e r n a t i v e  configurat ions.  
ing cost  differences due t o  f u e l  consumption were expressed i n  terms of equivalent 
cap i ta l ized  costs  where a one point difference i n  e f f ic iency  would give an equivalent 
f u e l  savings of $10/kW. 

The operat- 

The r e s u l t s  of t h i s  economic screening analysis  a r e  given i n  Table 11. A l l  
costs  a re  given as incremental costs  r e l a t i v e  t o  t h e  unfired waste heat  recovery 
system which was taken as  t h e  base. 
tu rb ine  pressure r a t i o  of 1 0  and t h e  gas turb ine  system with reheat before  t h e  power 
turb ine  have the  lowest evaluated net  r e l a t i v e  cos ts .  The cos t  d i f f e r e n t i a l  between 
these two systems i s  not s t a t i s t i c a l l y  s i g n i f i c a n t .  The power turb ine  reheat  cycle 
requires  a more complex gas turbine design and addi t iona l  hot p a r t i c u l a t e  removal 
equipment. 
the  2.5 atm pressure ex is t ing  at  t h e  reheat  point .  Therefore, it was f e l t  t h a t  t h e  
FFB cycle with an exhaust-fired steam-cooled AFB would o f f e r  less technica l  r i s k .  

The exhaust-fired, steam-cooled AFB with a gas 

In addi t ion,  l i t t l e  data is  ava i lab le  f o r  design of a FFB combustor at 

Capital costs  were not estimated f o r  all major pieces  of equipment o f  systems 
required i n  the p lan t .  
s idered.  Obviously, some major systems (such as t h e  coa l  and sorbent feed systems 
t o  t h e  AFB and t h e  low-pressure reheat PFB combustors) were omitted which would tend 
t o  decrease the advantage o f  t h e  reheat  and exhaust-fired cycles. However, it w a s  

Table I11 contains a l i s t  of those items which were con- 
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f e l t  t h a t  the differences i n  t h e  cos ts  of these  systems would not be l a r g e  enough 
t o  o f f s e t  the differences shown on Table 11. Therefore, there  i s  a s t rong  probabil- 
i t y  t h a t  the t rends shown i n  t h i s  study could be confirmed by more d e t a i l e d  design 
and cos t  estimates of t h e  a l t e r n a t i v e s .  

I t  should be recognized t h a t  t h e  cos t  es t imates  d id  not consider some of the  
mater ia l ,  equipment, and other  balance of  p l a n t  costs  normally associated with the  
items indicated on Table 111. I n  addi t ion ,  l i t t l e  more than conceptual o u t l i n e  
drawings were  avai lable  f o r  many items t h a t  were considered. The bas ic  i n t e n t  of 
the  e f f o r t  w a s  t o  provide a systematic approach f o r  summarizing t h e  r e l a t i v e  pros 
and cons of each cycle on t h e  b a s i s  of t h e  preliminary design def in i t ion  t h a t  w a s  
ava i lab le .  While each pro and con w a s ,  i n  e f f e c t ,  weighted on a cos t  b a s i s ,  it 
would be misleading t o  consider t h e  numbers shown as anything more than rough order  
of magnitude. 

COMMERCIAL PLANT CONFIGURATION 

On the b a s i s  of  t h e  preceeding screening ana lys i s ,  t h e  PFB/AF'B combined cycle 
power plant  was se lec ted  f o r  t h e  commercial plant  conceptual design study. During 
the course of  t h e  design s tudy,  f u r t h e r  optimization of t h e  selected configuration 
l e d  t o  incorporation of th ree  s tages  of regenerat ive feedwater heating and an adjust-  
ment i n  the r e l a t i v e  power s p l i t  between t h e  gas and steam turbines .  
system, i l l u s t r a t e d  i n  Figure 6,  u t i l i z e s  two 63.5 MW gas turbines  with two PFB ' 

combustors per  gas turbine.  The gas turbines  would exhaust in to  a s i n g l e  exhaust- 
f i r e d  AFB steam generator and carbon burnup bed (CBB) which would generate steam a t  
2400 ps ig  1000 F/1000 F t o ' d r i v e  a s i n g l e  461.4 MW steam turbine.  
gross plant output would be 588.4 MW. 
summarized i n  the  l a s t  column of  Table 11. 

The r e s u l t i n g  

The r e s u l t i n g  
Selected performance and cos t  da ta  a re  

The gas turbine assumed f o r  t h i s  study is  a base load design which represents  
a modification of UTC's FT50 gas turb ine  o r  an engine of s i m i l a r  performance and 
physical  charac te r i s t ics .  
temperature and have a l l  necessary ducting t o  allow discharge of compressor air t o  
the PFB combustor and r e t u r n  of hot gases t o  t h e  turb ine .  

It would opera te  at 1O:l pressure ratio with 1600 F i n l e t  

The PFB combustors, depicted i n  Figure 7 ,  would heat  t h e  compressor discharge 

The combustion air would flow 
air from approximately 600 F t o  1600 F. 
the  bottom o f  t h e  re f rac tory  l i n e d  pressure vesse l .  
through bubble caps i n  the  d i s t r i b u t o r  p l a t e  and i n t o  the f lu id ized  bed. The cooling 
air would flow through supply pipes at t h e  d i s t r i b u t o r  p l a t e  t o  t h e  i n l e t  headers of 
the  cooling c i r c u i t s ,  through the  tubes ,  and f i n a l l y  would be co l lec ted  at t h e  hot 
air o u t l e t  manifold. The flow s p l i t  between cooling air and combustion air would 
be control led by b ias ing  valves i n  t h e  hot  air o u t l e t  piping and t h e  hot gas o u t l e t  
piping. 
surface area and a l a r g e  bed volume. The des i re  t o  maintain a low bed super f ic ia l  
ve loc i ty  (of t h e  order of 3 f t / s e c )  i s  compatible with t h i s  la rge  volume and would 
r e s u l t  i n  an expanded bed height  of approximately 22 f t  t o  submerge t h e  cooling 
system within the  bed. 

The compressor discharge air  would en ter  

The heat t r a n s f e r  from t h e  bed t o  t h e  cooling a i r  would requi re  a l a rge  
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Incoloy 800 a l l o y  was se lec ted  f o r  a l l  mater ia l  exposed t o  the  f l u i d  bed. This  
mater ia l  has had grea te r  usage than t h e  other  ava i lab le  high temperature a l l o y s ,  and i t s  
physical propert ies  (forming, welding, e t c . )  a r e  b e t t e r  es tabl ished.  
ava i lab le  corrosion, creep, fa t igue ,  and other  data  ind ica te  t h a t  t h i s  a l loy  should 
give su i tab le  l i f e  f o r  the  cooling system. However, u l t imate  mater ia l  se lec t ion  
must eventually be based on t h e  outcome of  o ther  more r igorous invest igat ions of 
mater ia l  charac te r i s t ics  within a PFB environment. 

Also, cur ren t ly  

Operation at the  elevated temperature of t h e  PFB presents  s ign i f icant  challenges 
i n  designing t o  accommodate t h e  expected thermal expansion. 
cooling system would undergo near ly  1000 F temperature change from t h e  i n l e t  t o  t h e  
o u t l e t  i n  a t o t a l  tube length o f  l e s s  than 26 f t .  In  addi t ion ,  the  cooling system 
from the  d is t r ibu tor  p l a t e  t o  the  o u t l e t  header must be supported by t h e  pressure 
vesse l  which operates a t  a temperature of 250 F. The design philosophy has been t o  
support the o u t l e t  manifold and i n l e t  and o u t l e t  headers of t h e  cooling system from 
the  same elevat ion on t h e  vesse l  wall and t o  use U-shaped cooling tubes between t h e  
i n l e t  and o u t l e t  headers. 

f l e x i b i l i t y  t o  accommodate t h e  d i f f e r e n t i a l  temperature along t h e  length of the  
tube. 

The a i r  i n  t h e  bed 

These U-shaped tubes would be designed with s u f f i c i e n t  

A s  previously noted, a p a r t i c u l a t e  removal system would be required t o  l i m i t  
the  s o l i d  loading enter ing t h e  turbine.  
experience with PFB exhaust gases i n  gas turb ines ,  f u r t h e r ' t e s t i n g  i s  required t o  
determine the  acceptable l e v e l  of p a r t i c u l a t e  concentration i n  t h e  gas enter ing t h e  
turbine.  On the  bas i s  oT l imi ted  data  (141, an est imate  of  allowable gas turb ine  
par t icu la te  loading w a s  made showing t h a t  p a r t i c l e s  grea te r  than 1 0  microns i n  s i z e  
would give unsat isfactory turb ine  l i f e ,  p a r t i c l e s  l e s s  than 2 microns i n  s i z e  would 
have negl igible  e f f e c t ,  and t h a t  some l imi ted  amount of par t icu la te  i n  the  2-10 mic- 
ron s i z e  could be to le ra ted  within t h e  gas turb ine .  These estimates a r e  compared i n  
t h e  top two l i n e s  of Table IV t o  t h e  estimated p a r t i c u l a t e  loading i n  the  gas ex i t ing  
from the  PFB combustor. 

Because of  lack  o f  a c t u a l  operat ing 

Since the design requirements and charac te r i s t ics  of p a r t i c u l a t e  removal systems 
a r e  not f u l l y  known a t  t h i s  time, two d i f fe ren t  technologies were invest igated i n  
developing the  o v e r a l l  p lan t  design. 
flow cyclone and a granular bed f i l t e r ,  both of which a r e  i n  t h e  developmental s tage 
at t h e  temperature, pressure,  and s i z e  required for  t h e  PFB combustion process. 
a theore t ica l  s tandpoint ,  both types o f  p a r t i c u l a t e  co l lec tors  should meet the  
requirements of a commercial p lan t .  The estimated effect iveness  of t h e  p a r t i c l e  
co l lec tors  i s  indicated i n  Table I V  where t h e  c o l l e c t o r  e f f luent  i s  seen t o  s a t i s f y  
t h e  gas turbine requirement. F ina l  d i l u t i o n  of t h e  co l lec tor  e f f luent  with cooling 
air which bypassed t h e  PFB combustion zone should reduce t h e  p a r t i c l e  concentration 
well below t h a t  required f o r  t h e  gas turbine.  
conditions w i l l  ensure t h e  s u i t a b i l i t y  of these co l lec tors .  

The two concepts a r e  a high-efficiency ro ta ry  

From 

Only t e s t i n g  under ac tua l  operating 

The exhaust gases from t h e  two gas turb ines  would be routed t o  t h e  AFB steam 
generator system consis t ing of four AFB main beds i n  one s t r u c t u r e  (Figure 8) and a 
separate  CBB. 
as combustion a i r .  Unburned char e l u t r i a t e d  from t h e  AFB main beds would be 
captured and combusted i n  the  CBB. 
t h e  steam cooling system would be i n  p a r a l l e l  with t h a t  f o r  t h e  m a i n  beds. 

The main beds would combust coal  using t h e  exhaust of t h e  gas turbines  

The CBB would be i n  a separate  enclosure, but 
Most of 
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t h e  superheater surface would be i n  t h r e e  of the  four beds, with t h e  four th  contain- 
ing  only evaporator surface.  The four  main beds would each exhaust hot  gas upward 
i n t o  a common convection sec t ion  of t h e  AFB steam generator .  A l l  of t h e  rehea ter  
tubes and a port ion of t h e  primary superheater  would be i n  t h e  convection sect ion.  
Gas from the  convection sec t ion  would flow i n t o  t h e  economizer sect ion.  The CBB 
would consis t  of t h r e e  beds, each with two compartments for load t u r n  down cont ro l .  
A l l  b o i l e r  surface would be above t h e  beds i n  t h e  convection zone. 

The f l u e  gas from t h e  AFB b o i l e r ,  a f t e r  passing through high ef f ic iency  m u l t i -  
c lones,  go through a high temperature e l e c t r o s t a t i c  p r e c i p i t a t o r .  
p rec ip i ta tor  would be designed f o r  a maximum temperature of 750 F. 
of f l u e  gas t o  be handled by t h e  p r e c i p i t a t o r  i s  3.2 x l o 6  ACFM. 
would have four  e l e c t r i c  f i e l d s  i n  s e r i e s .  The t o t a l  p a r t i c u l a t e s  emission would 
be l e s s  than 0 .1  l b  per  mi l l ion  Btu of  hea t  input .  The gas stream from t h e  prec ip i -  
t a t o r  would pass through t h e  low l e v e l  economizer t o  t h e  induced d r a f t  fans  and 
s tack.  

The e l e c t r o s t a t i c  
The t o t a l  Volume 

The p r e c i p i t a t o r  

The hypothet ical  Middletom, USA s i t e  w a s  se lec ted  f o r  loca t ion  of  t h e  PFB 
combined cycle power p lan t .  
shown i n  Figure 9. 
switchyard t o  the  e a s t ,  c o a l  and sorbent s torage areas  t o  t h e  south, and wastewater 
t reatment  p lan t  t o  t h e  west. 

An a r e a  s i te  plan f o r  the  prospect ive power p l a n t  i s  
The p l a n t  i s l a n d  i s  c e n t r a l l y  loca ted  with t h e  cool ing tower and 

CONCLUDING REMARKS 

The air-cooled PFB offers  t h e  p o t e n t i a l  of using coal-f i red gas turbines  t o  top 
a more conventional coal-f i red steam plan t .  
p l a n t  has t h e  capabi l i ty  of more e f f i c i e n t  conversion of coa l  t o  e l e c t r i c i t y  wi th  
t h e  p o t e n t i a l  of y ie ld ing  an o v e r a l l  lower cos t  of e l e c t r i c i t y  than can be obtained 
with current  technology. 
hot  p a r t i c u l a t e  removal systems and demonstration of mater ia l  s u i t a b i l i t y .  However, 
t h e  technological challenges facing t h i s  type of system a r e  l e s s  demanding than those 
f o r  o ther  advanced coal-f i red conversion systems present ly  under study because of 
t h e  lower temperatures and reduced degree of coa l  conversion and processing required.  
I n  c losing,  t h e  prospective performance, economic, and environmental advantages of 
combined cycle power p lan ts  using PFB combustors suggest t h a t  development of t h i s  
promising concept be energe t ica l ly  pursued. 

The r e s u l t i n g  combined cycle  power 

The PFB system requires  development of high eff ic iency 
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TABLE I 

SYSTEM ASSUMPTIONS FOR PERFORMANCE ANALYSIS 

Combustion E f f i c i e n c y ,  % 
PFB, main and r e h e a t  
AFB 

Pressure Loss, % o f  l o c a l  gas pressure  

PFB, main and r e h e a t  
Bed 

10 .0  
AFB 9.2 

Temperature, OF 

PFB, r a i n  
PFB, reheat  
AFB 

Bed 

1550 
1 6 5 0  

1550 

Component E f f i c i e n c y ,  % 
E l e c t r i c  genera tor  (steam t u r b i n e )  
E l e c t r i c  genera tor  (gas t u r b i n e )  
E l e c t r i c  motors 
B o i l e r  feed pump 
B o i l e r  feed pump d r i v e  t u r b i n e  
Condensate pump 
ID f an  

i ao  

99 .o 
98.5 

Coo l ing  Tubes 
10.0 ( a i r )  

- (steam) 

Coo l ing  Tubes 
1575 ( a i r )  
1475 ( a i r )  

- (steam) 

98.4 
98.7 
95 .o 
82 .O 
75.0 
82 .O 
70.0 
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TABLE I 1 1  

MAJOR EQUIPMENT INCLUDED IN COST SUMMARY 

S ize  Range 

Gas Turbine L i m i t  

PFB E f f l u e n t  

C o l l e c t o r  E f f l u e n t  

E n t e r i n g  Turb ine 

. Main PFB Coal /Sorbent  Feed System 

. Gas Turb ines/Generators  

. PFB Main Combustors 

. PFB Reheat Combustors 

. AFB Combustors 
(Exc lud ing:  Flues, Duct, Cyclones, 
Fans, Coal/Limestone Feed System) 

, E l e c t r i c a l  Equipment 

. Steam Turb ine/Generators  

. Waste Heat B o i l e r s  

. E l e c t r o s t a t i c  P r e c i p i t a t o r s  

TASLE I V  

PARTICLE S I Z E  DISTRIBUTION AND LOADINGS 

Pred ic ted  P a r t i c l e  Concentrat ion,  g r / s c f  
Under 2~ 2-1 %I Over 1% 

u n l  i m i  t e d  0.01 n i  1 

0 .3  2.0 6 . 4  

0.06 0.01 0.00 

0.02 0.003 0.000 

1' 
1 
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Fig. 1 

PFB Combustor for Gas Turbine 

Coal + 
sorbent 

1 Ash + spent 
material 

Fig. 2 

Unfired Waste Heat Recovery Cycle 

Comp Turb 

1 PFB 
Air -*- 

1580 F 
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Fig. 3 

Power Turbine Reheat Cycle 

Compr 

Air c 
1580 F 

coal 
and sorbent 

Power 

Waste 
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Fig. 5 

PFB Cycle Performance Comparison 
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Fig. 7 

Pressurized Fluid Bed Combustor 
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Fig. 9 

Plot Plan for PFB Combined Cycle Power Plant 
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for  Coal-Fired U t i l i t y  Boi le rs*  
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and 
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INTRODUCTION 

NOX is the remaining major or c r i t e r i a  p o l l u t a n t  t h a t  has  not been e f f e c t i v e l y  
reduced to emission l e v e l s  approaching 10% or l e s s  of those from an uncontrol led 
s t a t i o n a r y  combustion source.  This  i s  p a r t i c u l a r l y  t r u e  a t  the  present  i n  coa l - f i red  
u t i l i t y  b o i l e r s  because of the conversion of  fuel-bound n i t rogen  i n  t h e  c o a l  t o  NO 
during t h e  combustion process .  However, c o a l  i s  o u r  l a r g e s t  n a t u r a l  f o s s i l  f u e l  
resource and DOE is respons ib le  f o r  developing methods of  u t i l i z i n g  c o a l  i n  an 
environmentally acceptable  manner. An important  f a c t o r  i n  meeting f u t u r e  energy 
needs and achieving n a t i o n a l  energy independence is our a b i l i t y  to expand t h e  use of 
c o a l  i n  e l e c t r i c a l  power generat ion.  Cons is ten t  wi th  i t s  r e s p o n s i b i l i t i e s ,  EPA has  
e s t a b l i s h e d  research goals  f o r  NOx emissions with coa l  of 200 ppm by 1980 and 100 ppm 
by 1985. I f  it i s  eventua l ly  shown t h a t  comparable l e v e l s  a r e  necessary t o  maintain 
air  q u a l i t y  s tandards and c o s t - e f f e c t i v e  methods e x i s t ,  then t h e  l ike l ihood of  more 
s t r i n g e n t  new source performance s tandards  (NSPS) i n  t h e  mid-1980's e x i s t s  f o r  coal- 
f i r e d  u t i l i t y  boilers. 

For t h e  reasons o u t l i n e d  above, a need e x i s t e d  to  conduct a comprehensive s t a t e -  
of - the-ar t  review of  a l l  p o t e n t i a l  combustion modif icat ion methods f o r  NOx c o n t r o l  on 
c o a l - f i r e d  uni t s .  Combustion modif icat ion has  i n  t h e  p a s t  been t h e  m o s t  cos t -e f fec t ive  
approach t o  l imi t ing  NOx formation and emissions. With the emergence of s e l e c t i v e  
gas-phase NOx decomposition methods, it was d e s i r a b l e  to a l s o  conduct a review of the  
m o s t  r e c e n t  developments i n  t h a t  f i e l d .  

NOX FORMATION 

Control  of NOx formation during coa l  combustion is p a r t i c u l a r l y  d i f f i c u l t  because 
nitrogen-bearing compounds i n  t h e  c o a l  are oxidized in  t h e  i n i t i a l  s t a g e s  of the  flame 
zone t o  produce " fue l  n i t rogen  NOx". Important  parameters i n  t h i s  process  a r e  l o c a l  
s toichiometry,  temperature, and the res idence  time a t  t h e s e  condi t ions p l u s  t h e  mixing 
condi t ions  f o r  supplemental a i r  addi t ion  and carbon burnout. 

Combustion modif icat ions a l s o  inf luence  t h e  formation of "thermal NOx" a t  high 
combustion temperatures due t o  the  thermal f i x a t i o n  of ni t rogen and oxygen i n  the 
combustion a i r .  
oxygen a v a i l a b i l i t y ,  f u e l - a i r  mixing p a t t e r n s ,  the  presence of h e a t  absorbing i n e r t  
combustion products, combustion a i r  p rehea t ,  l o c a l  hea t  t r a n s f e r  to  ad jacent  cooled 
sur faces ,  e t c .  
NOx emissions s ince  they inf luence both thermal  and fue l - re la ted  NOx. 

Important parameters  t h a t  a f f e c t  peak flame temperature a r e  l o c a l  

Both burner and furnace des ign  a r e  very important f a c t o r s  i n  t o t a l  

*This s tudy w a s  conducted f o r  Argonne Nat ional  Laboratory under Contract  31-109-38-3726 
as p a r t  of an ongoing program, Environmental Control  Implicat ions of Coal U t i l i z a t i o n  
f o r  Power Generation, being conducted i n  t u r n  f o r  DOE. 
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NOx CONTROL METHODS 

One of t h e  purposes of the  s tudy w a s  to  not  only summarize the  technica l  perfor-  
mance of var ious NOX c o n t r o l  methods, b u t  a l s o  t o  p o i n t  ou t  and quant i fy  some of the  
more important opera t iona l  c o n s t r a i n t s  assoc ia ted  w i t h , t h e s e  methods. The s tudy was 
pr imar i ly  concerned with t h e  following cont ro l  methods and opera t iona l  concerns. 

Methods ( o r  Factors)  Concerns 

Low excess a i r  
Staged combust ion  
Flue gas  r e c i r c u l a t i o n  
Corbina t i o n  met hods 
Coal type - bituminous/ 

subbituminous 
Boiler  design - wall  f i r e d ,  

t a n g e n t i a l ,  cyclone 
Burner design - convent ional ,  

low-NOx, advanced concepts 

C o s t  of combustion modif icat ions 
Furnace wal l  cor ros ion  
Tube wal l  e ros ion  
Carbon carryover  
Combust ion s t a b i l i t y  
Load r e s t r i c t i o n s  
Secondary p o l l u t a n t s  
Energy p e n a l t i e s  
R e t r o f i t  a p p l i c a t i o n s  
Impact on a u x i l i a r y  equipment 
operat ion and maintenance 

Available NOx emissions t e s t  program da ta  was examined for  t h e  most preva len t  
b o i l e r  designs and t h e  e f f e c t i v e n e s s  of var ious combustion c o n t r o l  measures is 
summarized i n  Table 1. The cont ro l  method having the  l a r g e s t  NOX reduct ion p o t e n t i a l  
( s h o r t  of reburnering with new low-NOx burners)  w a s  s taged  combustion, accomplished 
e i t h e r  by removing burners  from s e r v i c e  o r  by t h e  u s e  of o v e r f i r e  a i r  (dr iv ing  t h e  
remaining in-service burners  f u e l - r i c h ) .  I n  the  NOx Assessment F ina l  Report (1) 
for  Argonne National Laboratory, NOx reduct ion p o t e n t i a l  summary graphs were prepared 
for  each of the  var ious  cont ro l  methods. Although space l i m i t a t i o n s  preclude showing 
a l l  of t h i s  support ing d a t a  used i n  t h e  prepara t ion  of Table 1, some examples f o r  
burner-out-of-service opera t ion  a r e  shown i n  Figures  1, 2 ,  and 3. 

I t  should be emphasized t h a t  there  a r e  l a r g e  uni t - to-uni t  v a r i a t i o n s  i n  coal-  
f i r e d  u t i l i t y  b o i l e r  NOx emissions, even within the same b o i l e r  design type. This 
i s  due t o  var ied  b o i l e r  geometry with s i z e ,  age, and coal  type. Boi ler  operat ing 
p r a c t i c e ,  maintenance, pu lver izer  s e t t i n g s ,  and coal  c h a r a c t e r i s t i c s  of ten  vary from 
p l a n t  t o  p l a n t  even within t h e  same u t i l i t y .  Frequent ly  a p l a n t  i n  t h e  northeastern 
U.S .  may obta in  coa l  simultaneously from t w o  or t h r e e  sources .  Therefore, it is  not  
unusual to  see  base l ine  NOx emissions vary by a s  much a s  500 ppm f o r  a given b o i l e r  
type (e.g., hor izonta l ly  opposed f i r e d ) .  Because of t h i s  wide v a r i a t i o n  i n  base l ine  
emissions, it f requent ly  i s  more convenient t o  express  t h e  e f f e c t i v e n e s s  of a given 
NOx control  i n  terms of a p o t e n t i a l  percentage NOx reduct ion a s  i n  Table 1 and 
Figures 1 through 3 .  However, it is a l s o  recognized t h a t  many u t i l i t y . a n d  government 
groups a r e  i n t e r e s t e d  i n  t h e  lowest a t t a i n a b l e  "s ta te -of - the-ar t "  NOx emission l e v e l s  
a s  summarized i n  the  t a b l e  below. 

STATUS OF COAL-FIRED UTILITY BOILER NOx CONTROL TECHNOLOGY 
FOR NEW UNITS AND RETROFIT APPLICATIONS 

Lowest At ta inable  NOx Emission Levels 
N e w  Units  R e t r o f i t  

ppm a t  3% O2 lb/MBtu ppm a t  3% o2 l b / m t u  

Wall-Fired 
Single  Face F i red  300-350 0.45 400-500 0.6 
Horizontal ly  Opposed 300-350 0.45 400-600 0.6 

Tangent ia l  250-300 0.45 250-350 0.4 
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For new units, these  emission l e v e l s  a r e  based on t h e  m o s t  r e c e n t  low-NOx burner  
designs (e.g., dual  r e g i s t e r  conf igura t ions  or o v e r f i r e  a i r  on t a n g e n t i a l  u n i t s )  f r e -  
quent ly  employed i n  combination with a compartmentalized windbox and l i b e r a l  furnace 
volumes. R e t r o f i t  emission l e v e l s  shown can be reached by reburnering o r  i n  some 
cases  by c a r e f u l l y  appl ied s taged combustion f i r i n g  modes. Although it is c u r r e n t l y  
p o s s i b l e  to a t t a i n  these NOX l e v e l s  wi th  some consis tency,  t h i s  does =mean t h a t  
- a l l  e x i s t i n g  u n i t s  can be modified to these  l e v e l s  r e g a r d l e s s  of b o i l e r  age, design,  
coa l  type,  e tc .  

OPERATIONAL CONSIDERATIONS 

Previous assessment s t u d i e s  have not  proper ly  evaluated t h e  numerous opera t iona l  
f a c t o r s  t h a t  a r e  of major importance t o  t h e  user  i n  s e l e c t i n g  and implementing a 
combustion modif icat ion technique. Five major t o p i c  a r e a s  were examined a s  p a r t  of  
t h e  c u r r e n t  study: 

1. Problems in design,  i n s t a l l a t i o n ,  opera t ion  and maintenance of a NOx 

2 .  Appl icabi l i ty  of a given technique for  r e t r o f i t  
3. Impact of l o w  NOx modes on o ther  p o l l u t a n t s  
4. E f f e c t  of NOx cont ro l  techniques on the  performance of a u x i l i a r y  equipment 
5. Poss ib le  energy p e n a l t i e s  a s s o c i a t e d  wi th  implementation of a given method 

cont ro l  technique 

Some of  the  more important conclusions a r e  o u t l i n e d  below by cont ro l  method. 

A. Operat ional  Fac tors  - Low Excess A i r  and Staged Combustion-- 

. Low excess a i r  opera t ion  is poss ib le  wi th  NOx reduct ions  of  up to  15% and a 
b o i l e r  e f f i c i e n c y  improvement i f  c a r e f u l  a t t e n t i o n  is pa id  t o  combustion 
uniformity i n  t h e  burner region. Reductions of 35% a r e  poss ib le  with s taged 
combus t ion .  

equipment maintenance is e s s e n t i a l  to t h e  success  of both methods. 

ment and p o t e n t i a l  tube wal l  corrosion must be avoided. 

accommodate l o w  NOx modes. Conservative windbox, furnace and convect ive 
s e c t i o n  designs a r e  recommended. 

. Carbon carryover and p a r t i c u l a t e  loadings a r e  no g r e a t e r  than normal opera t ion  
- i f  t h e  excess a i r  is proper ly  e s t a b l i s h e d  and maintained (as requi red)  f o r  a l l  
loads,  f u e l  types ,  and b o i l e r  condi t ions .  

has been noted b u t  more d a t a  is  needed. 

. Close cont ro l  of l o c a l  and o v e r a l l  a i r / f u e l  r a t i o  and r igorous  combustion 

. Overf i re  air p o r t  conf igura t ions  or burner  p a t t e r n s  r e s u l t i n g  i n  flame impinge- 

. New designs should incorpora te  adequate pulver izer  and fan capac i ty  t o  

. N o  s i g n i f i c a n t  increase  i n  secondary p o l l u t a n t s  o r  impact on a u x i l i a r y  equipment 

B. Operat ional  Fac tors  - Flue Gas Recirculat ion--  

Flue gas  r e c i r c u l a t i o n  w a s  found to be a r e l a t i v e l y  u n a t t r a c t i v e  NOx cont ro l  
method f o r  some of t h e  reasons l i s t e d  b e l o w  ( 2 )  : 

. NOx reduct ions of 15% o r  l e s s  do not  compare favorably wi th  reduct ions  of 25% 

. A measurable e f f i c i e n c y  penal ty  occurs  (approximately 0.5%) wi th  f l u e  gas  

. P o t e n t i a l  problem a r e a s  include tube e ros ion ,  flame s t a b i l i t y ,  fan  v i b r a t i o n ,  

to  35% with s taged  combustion (20% of t h e  burners  o u t  of  s e r v i c e ) .  

r e c i r c u l a t i o n  due t o  the  a u x i l i a r y  load of t h e  fans. 

and increased maintenance. 
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C. Operational Factors  - Corrosion, Slagging and Fouling-- 

Staged combustion and low excess  a i r  opera t ion  a r e  t h e  most a t t r a c t i v e  techniques 
f o r  NOx cont ro l  bu t  the  major unresolved i s s u e  concerns whether these Operating modes 
with fue l - r ich  burner  combustion zones tend to  a c c e l e r a t e  b o i l e r  tube wall corrosion. 
Because of the  importance of t h i s  p o s s i b l e  d e t e r r e n t ,  a major subsect ion of t h e  f i n a l  
repor t  was devoted t o  t h i s  top ic .  

Since the  more widespread appl ica t ion  of low NOX operat ing modes tends to hinge 
on t h i s  i s sue ,  t h e  " f a c t s "  concerning corrosion tend t o  be i n  a s t a t e  of d i spute  but  
some of t h e  more important observat ions and recent  f ind ings  a r e  out l ined  below: 

. High temperature f i r e - s i d e  cor ros ion  of water w a l l s  i n  the  r a d i a n t  s e c t i o n  of 
pulver ized coa l - f i red  b o i l e r s  i s  genera l ly  confined t o  a reas  of flame impinge- 
ment and/or s l a g  buildup. . The s lag  depos i t  on a r e l a t i v e l y  co ld  tube wal l  i s  usua l ly  coupled t o  a l o c a l l y  
reducing atmosphere caused by flame impingement. . TWO types of cor ros ive  a t t a c k  have been i d e n t i f i e d  i n  boilers f i r i n g  c o a l s  with 
appreciable  s u l f u r  content ;  a l k a l i  i r o n  b i s u l f a t e  and i r o n  s u l f i d e  modes of  
a t t a c k .  The su l fa te - type  a t t a c k  predominates over  t h e  s u l f i d e  type. . Deposits found on corroded tubes  o f t e n  possess  high a l k a l i  content ,  high SO 
content ,  and high water s o l u b i l i t y .  
with a glossy "enamel" appearance. 

p a s t  with maintenance or adjustments  t o  t h e  p u l v e r i z e r ,  coa l  d i s t r i b u t i o n  pipes ,  
and enforced replacement schedules  f o r  t h e  burner impel lers .  

. Numerous corrosion measurements i n  low NOX opera t ing  modes have been made in  the 
p a s t  wi th  ai r -cooled corrosion probes. These s h o r t  term tests r a i s e  many ques- 
t i o n s  concerning the  v a l i d i t y  of t h i s  technique. More extensive long-term tube- 
panel t e s t s  a r e  necessary t o  reso lve  cor ros ion  concerns. 

Deposi ts  f requent ly  a r e  p a l e ,  b lu ish  w h t e  

. Slaqqing, fou l ing ,  and corrosion problems have f requent ly  been solved i n  t h e  

COST OF COMBUSTION MODIFICATIONS 

One of the  most important f a c t o r s  i n  addi t ion  t o  NOx reduct ion e f f e c t i v e n e s s  and 
opera t iona l  l i m i t a t i o n s  from t h e  u t i l i t y  o p e r a t o r ' s  s tandpoin t  is t h e  c o s t  of combustion 
modifications. Numerous c o s t  analyses  have been conducted under EPA sponsorship f o r  
new u n i t s  and r e t r o f i t  a p p l i c a t i o n s  including those by Combustion Engineering ( 3 )  
and A. D. L i t t l e  ( 4 ) .  Total  c o s t s  have been broken down by annual c a p i t a l ,  opera- 
t i o n a l ,  and f u e l  cos ts .  The r e l a t i v e  c o s t  e f f e c t i v e n e s s  of NOx emissions cont ro l  
on a 600 MW coa l - f i red  u n i t  i s  shown i n  Figure 4. With c u r r e n t  technology, the  cost  
e f fec t iveness  rap id ly  becomes u n a t t r a c t i v e  a t  emission levels approaching 0.4 lb/MBtu. 

ADVANCED NOx CONTROL CONCEPTS 

The t w o  most promising advanced NOx cont ro l  concepts  now undergoing research  
and development a r e  t h e  s e l e c t i v e  gas-phase NOx reduct ion  f l u e  gas  t reatment  systems 
and new advanced burner/boi ler  designs.  

s t u d i e s  by Exxon and KVB have demonstrated NOx reduct ions  up t o  90% when ammonia 
i s  in jec ted  i n t o  f l u e  gas  streams i n  the  v i c i n i t y  of 1750 OF. Laboratory-scale feas i -  
b i l i t y  t e s t s  with ammonia i n j e c t i o n  f o r  c o a l  a p p l i c a t i o n s  has shown t h a t  50% to 80% 
NOX reduct ions a r e  poss ib le  f o r  t h e  c o a l s  t e s t e d .  F u l l  s c a l e  commercialization 
.tudies are cur ren t ly  underway and t h e  p o s s i b i l i t y  of a f u l l  s c a l e  u t i l i t y  boiler 
demonstration t e s t  i n  the  next t w o  or t h r e e  years  is very l i k e l y .  

Advanced burner/boi ler  design concepts have concentrated on combustion methods 
t h a t  w i l l  minimize t h e  conversion of fuel-bound n i t rogen  t o  NOx. Based on recent  
l&oratory and subscale  t e s t s  a t  EPA and EPRI c o n t r a c t o r ' s  f a c i l i t i e s ,  t h e  a t t a i n -  
ment of EPA's research goa ls  of 200 ppm by 1980 and 100 ppm by 1985 a r e  very l i k e l y .  
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 his does not  mean t h a t  a l l  opera t iona l  problems w i l l  be solved and product ion u n i t s  
w i l l  be avai lab le  by t h a t  time. However, r e c e n t  research  programs a t  B&W, KVB, 
Aerotherm, and EER a r e  e s t a b l i s h i n g  t h e  proper  s toichiometry,  temperature, and resi- 
dence times necessary t o  l i m i t  NOx formation t o  l e s s  than 200 ppm i n  these i n i t i a l  
s tages  of d i r e c t  coal  combustion. Research i s  cont inuing i n t o  more complex problems 
of secondary a i r  addi t ion ,  carbon burnout, and containment of fue l - r ich  combustion 
condi t ions  without ex tens ive  m a t e r i a l s  cor ros ion  problems. 

I n  conclusion, continued progress  i s  being made t o  reduce NOx emissions from 
d i r e c t  coal  combustion through low NOx burner  designs,  c u r r e n t l y  capable of l i m i t i n g  
emissions t o  0.6 lb/MEtu and research  des igns  expected t o  meet approximately 0.25 
lb/MBtu emission goa ls  by 1980. 
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TABLE 1. COMBUSTION MODIFICATION ASSESSMENT SUMMRY 
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IN FLY ASH D U R I N G  COAL COMBUSTLON 
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INTRODUCTION 

I t  i s  now well established that  t h e  smaller flyash par t ic les  formed d u r i n g  
coal combustion show a significant enrichment o f  several vo la t i le  t race  elements. 
The most widely accepted model fo r  trace element enrichment i n  flyash formation 
involves the volati l ization of these elements d u r i n g  combustion, followed by conden- 
sation o r  adsorption over the available m a t r i x  material (composed primarily of the 
nonvolatile oxides of A l ,  Mg, and Si)  (1).  The larger surface-to-volume ra t io  o f  the 
smaller ar t ic les  leads to  a trace element concentration i n  the free molecule 
regime(2y which is inversely related t o  the par t ic le  diameter. 
faces have been found t o  be enriched i n  several of the same trace elements showing 
enrichment i n  the smaller particles,  supporting this mechanism(3-5). The smaller 
particles,  which show the highest concentrations of several t race  metals, are not  
e f f ic ien t ly  collected by pollution control devices. These par t ic les ,  enriched in 
potentially toxic trace metal, a l so  have the highest atmospheric mobilities and a r e  
deposited preferentially i n  the pulmonary and bronchial regions o f  the respiratory 
system(1). A proper understanding of the  trace element enrichment mechanism i s  a 
necessary prerequisite for  the prediction of the environmental impact of coal-fired 
plants, as  well as fo r  improving the efficiency of pollution control devices. 

Our goal is t o  determine the mechanism fo r  flyash formation, the enrichment of 
certain elements in the smaller flyash par t ic les ,  and the identity of the trace 
inorganic and organic products of coal combustion. In  the i n i t i a l  phase of t h i s  
study, our investigations have centered on the areas described below. 

Indeed, flyash sur- 

A. Surface Studies and Flyash Characterization 

Studies of f l y  ash and flyash surfaces have been undertaken using photoelectron 
spectroscopy, proton induced X-ray emission, secondary ion mass spectrometry, 
Rutherford backscattering, and scanning electron microscopy. Several of these tech- 
niques were used i n  conjunction with sputtering to  obtain concentration vs. sputter- 
ing depth profiles. 
flyash particles as a function o f  par t ic le  s ize  and o ther  charac te r i s t ics .  
studies have provided qua l i ta t ive  and semi-quantitative evidence showing the enrich- 
ment of several vo la t i le  trace elements on flyash surfaces. 

Extensive studies have a l so  examined the various types o f  
These 

B. Flyash Volatilization 

On the assumption that  species volati l ized during combustion and condensed on 
flyash surfaces may be readily volati l ized on heating, two experiments were de- 
signed t o  identify the vola t i le  species. 
heated t o  temperatures up to 1400°C and the vola t i le  components collected for  
neutron activation analysis, 
tained for  several elements including Se, Hg, Br, I and As. 
were heated up to 2000°C i n  a Knudsen c e l l  and the volati le species analyzed by 
modulated molecular beam mass spectrometry; hence, obtaining information on the 
actual molecular species volati l ized. 

First, flyash samples were activated,  and 

Volati l ization v s .  temperature prof i les  have been ob- 
Second, flyash samples 
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C.  Extractions of Organic Matter 

The organic fraction of the collected f l y  ash has been extracted from sized 
flyash fractions by b o t h  solvent extractions and a vacuum extraction of f l y  ash 
heated slowly t o  40OoC. 
techniques. 

These fractions have been analyzed by GC and GC/MS 

0. Analysis of Sized Flyash Fractions 

Flyash samples coliected from the precipitators of two western coal-fired steam 
plants were separated into size fraction u s i n g  a Bahco Microparticle Classifier.  
Separate aliquots of each s ize  fraction were analyzed for  43 major, minor and trace 
elements by X-ray fluorescence CXRF) ,  atomic absorption (AA),  and instrumental neu- 
t ron  activation (INAA), to establish the concentration-particle s ize  dependence fo r  
each element. Replicate analyzes o f  two separate s i ze  fractions have allowed us t o  
assess the heterogeneity of the f l y  ash and sampling e r rors .  Analytical resu l t s  for  
the "best method" a re  collected i n  Tables 1 and 2;  analytical resu l t s  for  the second 
coal-fired plant for  a wider range of particle sizes ( < 0 . 2 ~  to  >150~)  have also been 
obtained. 
flyash particles.  

These resu l t s  provide information on trace Flement eririchment in submicron 

RESULTS AND DISCUSSION 

The analysis of well-defined flyash s ize  fractions offers the most promising 
method for determining the control1 ing mechanisms i n  the volati l  ization-ccndensation 
processes. Surface-depth profiles from sputtering a re  semi-quantitative ( a t  bes t ) ,  
are not usually sensit ive to  trace elements, and  are often dependent on the simul- 
taneous examination of a "f ie ld"  of par t ic les  (or o f  individual par t ic les ,  with 
added problems result ing from low sens i t iv i ty  and the heterogenous nature of f l y  
ash).  These studies also carry the implicit  assumption tha t  diffusion will. not 
significantly d i s t u r b  the surface-depth profile a f t e r  condensation. The observation 
of crystal growth on flyash particles(6) makes th i s  assumption dubious. On the 
other hand, the major requirements fo r  concentration vs. par t ic le  size measurements 
are much more readily fu l f i l l ed ;  the major assumption being that  a f t e r  condensation 
in te rpar t ic le  diffusion i s  negligible. 

Elemental analyses of f l y  ash have often shown an inverse concentration depen- 
dence upon par t ic le  s ize  for  many trace elements. 
rationalized in terms of a Volatilization-Condensation Model (VCM)(l). According t o  
th i s  model, trace elements volati l ized d u r i n g  the combustion process condense upon 
the (mostly) spherical particles of unvolatilized material in the cooler post- 
combustion region. The larger surface-to-mass rat io  of smaller par t ic les  resu l t s  in 
an enrichment of the volati l ized trace elements, having an inverse or an inverse 
squared dependence upon par t ic le  diameter, depending upon the flow regime [i .e. ,  
f ree  molecule or continuum]( 1,2). 

dence of the total  concentration ( C )  upon particle diameter, 

This relationship has been 

The VCM, as proposed by Natusch and coworkers(l,7), predicts an inverse depen- 

where C, i s  the concentration in the matrix upon which the vola t i les  condense, C, is 
the surface concentration, P i s  the density, and D i s  the  par t ic le  diameter. Flagan 
and Friedlander, however, have recently suggested that  a d i rec t  dependence of C on 
D-' should ex is t  only i n  the f ree  molecule regime where the Knudsen number, Kn, i s  
greater than i ( 2 ) .  
that  the totai  concentration will be proportional to 0-'. 

A t  lower values o f  Kn, i n  the continuum regime, they suggest 
This corresponds to a 
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surface layer  thickness which i s  g rea ter  f o r  smal ler  p a r t i c l e s  (p ropor t iona l  t o  D-' ) 
and p red ic t s  a much grea ter  increase i n  the  concentrat ion o f  v o l a t i l i z e d  elements 
fo r  t he  smaller p a r t i c l e  s izes.  

To compare models we have obtained l e a s t  squares f i t s  o f  our experimental r e -  
s u l t s  t o  the models o f  Natusch and coworkers(1) and Flagan and Fr iedlander(2).  
model o f  Natusch and coworkers(l), w i t h  on l y  a few exceptions, provides a s i g n i f i -  
can t l y  be t te r  f i t  than the Flagan and Fr iedlander model(2) t o  the data. 
the fo l low ing  discussion we i m p l i c i t l y  assume a concentrat ion dependence s i m i l a r  t o  
the VCM of  Natusch and coworkers. 

In order t o  increase the f l e x i b i l i t y  o f  the VCM i t  i s  advantageous t o  general- 
i z e  the  model by assuming a d i sc re te  surface l aye r  o f  thickness L t o  be deposi ted 
over a l l  pa r t i c l es .  
cen t ra t ion  i n  the ma t r i x  (Cm), and the  concentrat ion i n  the surface l aye r  (CS) of 
thickness L i s :  

The 

In 

The re la t i onsh ip  between the bu lk  concentrat ion (C), the  con- 

\ ,  

Cmd (D - 2L )3  + CsdSD3 - CsdS(D - 2 L ) j  
e =  

d,(D - 2L) + dSD3 - ds(D - 2L) 2)  

where 

D = p a r t i c l e  diameter 

d, = dens i ty  o f  ma t r i x  mater ia l  

ds = dens i ty  o f  surface l aye r  

Results o f  analyses o f  f l y  ash as a func t ion  o f  p a r t i c l e  s ize  i nd i ca te  t h a t  the 
elements, Mn, Ba, V, C r ,  Co, N i ,  Cu, Ga, Nd, As, Sb, Sn, B r ,  Zn, Se, Pb, Hg and S, 
are most ly v o i a t i l i z e d  i n  the  combustion process (Table 1 ) .  The elements, T i ,  A l ,  
Mg, Na, K, Mo, Ce, Rb, Cs and Nb, appear t o  have a smal ler  f r a c t i o n  v o l a t i l i z e d  
dur ing coal combustion. The remaining elements, S i ,  Fe, Ca, S r ,  La, Sm, Eu, Tb, Dy, 
Yb, Y ,  Sc, Z r ,  Ta, Na, Th, Ag and I n ,  are  e i t h e r  no t  v o l a t i l i z e d  o r  show trends 
which are  not r e a d i l y  ra t i ona l i zed  i n  terms o f  the  simple VCM (Table 2 ) .  

and Mn, which are  t y p i c a l  o f  elements having behavior which may be a t t r i b u t e d  t o  
v o l a t i l i z a t i o n  dur ing  combustion. These data have been f i t t e d  t o  the  VCM using 
Equation 2 ,  i nd i ca ted  by the l i n e s  i n  Figure 1 .  

smal ler  pa r t i c l es  o r  unusual concentrat ion p r o f i l e s .  
a d e f i n i t e  d i r e c t  dependence upon p a r t i c l e  size, making i t  unique i n  t h i s  study 
(Figure 2). 
i ng  L = 0.111, C 
l i n e  i n  Figure I .  

The most i n t e r e s t i n g  t rends w i t h  p a r t i c l e  s ize  are  observed f o r  a group o f  
elements (Ca, S r ,  La, Sm, Eu, Tb, Dy, Yb, Y, Sc and Th) which e x h i b i t  
maxima i n  concentrat ion a t  an intermediate p a r t i c l e  s ize  ( 4 - 8 ~ ) .  These trends are 
most s t r i k i n g  f o r  Ca snd S r  (Figure 3 ) ,  where maxima a t  -4p are observed, confirmed 
by ana lys is  of d i f f e r e n t  samples by AA, XRF and INAA. The s i m i l a r i t y  o f  Ca, Sc, S r  
and Y ,  and the  r a r e  ea r th  elements i s  no t  surpr is ing;  these elements are known t o  
be chemically s i m i l a r .  
but  i t s  lower oxide b o i l i n a  po in t  apparent ly r e s u l t s  i n  s u f f i c i e n t  v o l a t i l i t y  t o  
obscure these trends. Concentration p r o f i l e s  f o r  several o f  t he  r a r e  ea r th  elements 

Figure 1 shows the concentrat ion vs. p a r t i c l e  s ize  data p l o t t e d  f o r  As, Zn, Rb 

The elements l i s t e d  i n  Table 2 show e i t h e r  very l i t t l e  enrichment i n  the  
The concentrat ion o f  S i  shows 

The VCM can be used t o  q u a l i t a t i v e l y  r a t i o n a l i z e  the S i  data; by assum- 
= 35.5%, and Cs = 0 (and dm = dS), one obtains the  f i t  given by the 

d i s t i n c t  

Barium might a l s o  be expected t o  behave i n  a s i m i l a r  fashion, 
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a re  shown i n  Figure 5. 
abundances normalized t o  chondritic values. The REE pattern observed for  f l y  ash is  
similar t o  t h a t  observed i n  apat i te ,  a mineral containing high concentrations of the 
rare earth elements and present as  an  accessory mineral i n  rocks and so i l s .  (Similar 
REE patterns a re  also commonly observed for coal, plant and soil  samples.) 
two plausible explanations for  the observation of a maximum a t  -5p, one involving 
geochemical fractionation, and the second, a combined geochemical-volatil ization 
mechanism. T h e  f i r s t  involves a n  introduction of a geochemical fractionation 
mechanism t o  explain a maximum i n  the Concentration vs. par t ic le  s ize  profile a t  
-411. The second couples a more reasonable geochemical fractionation process with the 
VCM. By assuming a decreasing value of Cm w i t h  par t ic le  s i ze ,  se t t ing  Cs = 0 and 
choosins a f i n i t e  surface layer thickness ( L ) ,  one can obtain maxima in the 
concentration profiles;  a condensed layer 0 . 1 ~  thick can rationalize a maximum 3t 
-511. Since the concentration profile result ing from any geochemical fracrionation 
mechanism i s  unknown, a.precise estimate of L i s  impossible. However, values of 
L 2 0.0511 would be required t o  explain the resul ts .  
importance of possible geochemical fractionation mechanisms, samples of the mineral 
matter obtained by solvent cleaning and low temperature ashing of coal have been 
sized and subjected t o  chemical analysis. 

I n  Figure 6 we have plotted the ra re  ea r th  element CREE) 

There are 

To decermine the re la t ive  

Analysis of the resul ts  i n  Table 1 (and Figure 1 )  shows t h a t  many elements a r e  
only par t ia l ly  volati l ized during combustion, whereas others w e  essent ia l ly  
completely volati l ized. 
terms of siixple parameters, such as the boiling points o r  melting points of the e le -  
ments, their  oxides, or sulfides are only pa r t i a l ly  successful, the best being the 
correlation w i t h  oxide boiling points. This i s  reasonable since oxides a re  known t o  
account for the bulk o f  the f ly  ash and the "inorganic" elements i n  coal often ex i s t  
as  ,oxides, or form the oxide upon heating. While a rough correlation with oxide 
boiling points does ex i s t ,  there are several elements w i t h  oxide b o i l i n g  points above 
160OOC which show appreciable enrichment i n  f l y  ash, including CU, B, T 1 ,  Z n ,  Ba, 
Ga, Cr, Mn, U and Be. A similar lack of correlation i s  observed f c r  elements with 
oxide boiling points of less t h a n  15OO0C, w i t h  several elements showing only limited 
vo la t i l i t y  ( e .g . ,  Cs, L i ,  Rb and Na). 

The reasons for the enhanced vo la t i l i t y  of specific elements may be e i ther  
physical or chemical. The amount of trace element volati l ization which will occur 
d u r i n g  coal combustion will be dependent upon a number of physical parameters, the 
most important being the residence time in the furnace and the concentrations and 
temperature vs. time profiles for  b o t h  the gas and particulate phases. 

The "inorganic" elements (defified here as a l l  elements other t h a n  C ,  H ,  S and  
N)  usually account f o r  between 2% and 40% of the coal by weight, with a range of 5% 
t o  15% being most common. While inclusions of mineral matter account for  the bulk 
of the inorganic elements in coal,  specific trace elements may be primarily asso- 
ciated with the organic fraction of coal. 

The trace elements associated with the organic fraction of coal will be espe- 
c i a l ly  important in determining the gaseous and particulate emissions from coal 
combustion. During combustion, trace elements which are trapped in an  organic 
matrix, or bonded in organic compounds (organometallic spec ies ) ,  may be vola t i l i zed ,  
or form an aerosol of minute par t ic les .  
babil i t y  of being transferred t o  the vapor s t a t e  t h a n  a similar compound associated 
withthemineral fraction. I t  should be noted, however, that  a volati l ization of the 
organically associated elements i s  unnecessary for trace element enrichment; a 

Attempts t o  rationalize the vo la t i l i t y  of elements in 

These elements may have a much higher Dro- 
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f ina l ly  form the f l y  ash. 
ized (or atomized) will be agglomerated with the mineral inclusions as the coal 
particles shrink d u r i n g  the pyrolysis and combustion processes. 
centration vs. particle size dependence predicted by this  model depends on the 
relationship between the i n i t i a l  coal par t ic le  s ize  and the size of the mineral 
i ncl us ion .  

Since insuf f ic ien t  information i s  available to  determine a reasonable model , 
and the fraction of organically associated elements volati l ized [ o r  existing in the  
gas phase as fine par t ic les ,  which will heterogeneously condense on  larger p a r t i -  
cles (2) ]  i s  unknown,  we cannot predict the precise concentration dependence of 
organically associated elements. 
ciated elements will be inversely deDendent U D O n  Darticle s i ze ,  and may be quali ta- 

Organically associated elements which are not volati l-  

The precise con- 

However, the concentration of organically assc-. 

t ively described by the VCM. This, ihe organicaliy associated elements (which ac- 
count for  more than  50% of several elements) must play an extremely important ro le  
in the trace element enrichment oDserved in  emitted flyash a r t i c l e s .  i o  examine 
this theory we have begun sink-float separations of coal *determine the 
organic a f f in i ty  o f  various elements in the feed coal a t  a coal-fired plant. 
These results will be compared w i t h  fiyash enrichment d a t a  i n  our presentation. 

The relationship between the percent of ash volati l ized during coal combustion 
and the surface layer thickness in  the VCM may be explored i f  the particle size 
distribution i s  known. As an approximation we have used the s i ze  distribution d a t a  
obtained by Schulz e t  a l . ( g ) ,  and f i t  t he i r  resul ts  t o  a log-normal distribution 
(Figure 4 ) .  
can integrate over the size distribution and determine t h a t  5% and 282, respective- 
l y ,  o f  the total  ash was volati l ized during combustion. 

In Figure 4 we have also plotted the cumulative volume of the surface layer 
( V s )  over the total  volume o f  al l  par t ic les  (Vt), as a function of particle size 
for a surface layer thickness of 100A. 
Pletely volati l ized (assuming ds = d m ) ,  half of t h e i r  total  mass will be i n  par t i -  
cles of  0 . 3 3 ~  or smaller, and t h a t  more than 50% will be in particles bgtween 0 . 1 ~  
and 1 . 0 ~  in diameter. 
in the collection efficiencies of most emjssion control devices in the same size 
regime. 

pears t o  predict the concentration vs. particle s ize  dependence remarkably we1 1.  
While the agreement may be fortuitous,  as a resu l t  of the complex gas-particle and 
particle-particle interactions during combustion which are only partially under- 
stood(2), the VCM does provide a good empirical f i t  t o  the data,  using parameters 
which may be rationalized in terms of the chemical nature of coal. Our analysis 
has shown the organically associated e l ewnt s ,  which are a major fraction o f  many 
trace elements in coal, play an important role i n  the enrichment of the smaller 
size particles and,  hence, the emissions from coal-fired plants. 

Assuming surface layer thicknesses of 0 . 0 1 ~  and 0 . 1 ~  (and d, = d,): me 

This analysis shows tha t  for  elements 

This resu l t  i s  especially important since there i s  a minimum 

In general, and despite i t s  simplicity and crude approximations, t h e  VCM ap- 
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TABLE 2 

Concentrations as a Function o f  Part ic le  Size fo r  Elements 
Not Showing Enrichment i n  the Smal lev Size Fractionsa 

Element 
Diameterb Sic(%) Fee(%) Ca d (W) Sre Lae Sme E u e  Tbe 

0.5 21.9 3.47 5.14 1600 70.3 8.68 1.95 1.15 
2 23.5 3.20 6.16 2080 73.7 10.9 2.14 1.5 
4 3.22 6.71 2360 76.7 10.5 2.29 1.6 
5 24.3 2.89 6.53 1720 72.8 10.1 2.17 1.4 
8.5 26.7 2.66 5.99 1650 69.6 9.43 1.97 1.3 

12.5 29.4 2.10 3.33 i270 53.4 5.92 1.49 1.1 
15.5 29.4 2.20 3.16 1520 55.7 7.23 1.56 1 . 2  
25 34.3 3.02 2.26 800 41.9 6.00 1.16 0.86 
50 35.8 2.01 (600Id 

I 

I 

I 

Diameterb 0ye Y be Yd SCe Zr i a e  The 

0.5 
2 
4 
5 
8.5 

12.5 
15.5 
25 

7.3 4.26 48 
8.7 4.69 54 
9.6 4.79 61 
a.s 4.96 55 
7.8 5.00 49 
6.6 3.47 37 
7.1 3.49 36 
4.7 3.33 32 

24.6 280 3.2 32.6 
26.8 290 3.0 35.2 
28.7 306 2.9 37.6 
26.9 330 2.7 58.2 
24.7 320 2.8 2 . 8  
17.7 350 2.1 25.6 
18.5 440 2.1 28.4 
13.7 624 1.8 22.8 

--- 50 28 374 

d .  Concentrations i n  PPM cnless otherwise noted. 
b .  Mass median diameter (microns). 
c .  By AA. 
d. By XRF. 
e. By INAA. 
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C r i t e r i a  for S e l e c t i o n  o f  Coal  Addi t ives  

Bruce L .  L i b u t t i  and Rosanna L.  P a l l  

D r e w  Chemical C o r p o r a t i o n  
One Drew Chemical P l a z a  

Boonton, New Jersey 07005 

INTRODUCTION 

Ash d e p o s i t s  are  a major concern  f o r  c o a l  u s e r s .  They can  r e d u c e  
b o i l e r  a v a i l a b i l i t y ,  r e l i a b i l i t y ,  performance and e f f i c i e n c y ,  

The  problems w i l l  become more a c u t e  i n  t h e  n e a r  f u t u r e .  
The energy c r i s i s  demands i n c r e a s e d  use o f  c o a l ,  and problems may be 
expec ted  t o  grow a t  a fas te r  ra te  t h a n  t h a t  of c o a l  u s e .  This i s  
because  d i s r u p t i o n  o f  normal c o a l  s u p p l i e s  may b e  expec ted  as i n c r e a s -  
ed demand p u t s  a s t r a i n  on the supply  and t r a n s p o r t a t i o n  sys tems.  
Ash c o n c e n t r a t i o n  w i l l  become less  p r e d i c t a b l e .  Cooperat ion w i l l  be  
needed among b o i l e r  m a n u f a c t u r e r s ,  c o a l  u s e r s  and c o a l  s u p p l i e r s .  

Chemical t r e a t m e n t  o f f e r s  a means o f  a l l e v i a t i n g  t h e  problems 
caused by c o a l  ash d e p o s i t s .  Treatment  o f  o i l  h a s  been a c c e p t e d  f o r  
a number o f  y e a r s ( l ) ,  b u t  only o c c a s i o n a l  s u c c e s s e s  have been r e p o r t e d  
f o r  c o a l  ( 2 - 6 ) .  

This  paper  p r e s e n t s  a r a t i o n a l  approach t o  t h e  choice  of chemi- 
c a l s  f o r  t r e a t m e n t  of  a s h  from d i r e c t  combustion of c o a l .  It  i s  
hoped t h a t  a p p l i c a t i o n  of t h e  r e s u l t s  o f  t h i s  s t u d y  w i l l  advance t h e  
a r t ,  t o  t h e  b e n e f i t  of  b o i l e r  owners and o p e r a t o r s ,  

D E P O S I T  PROBLEMS 

There a r e  two b a s i c  t y p e s  o f  d e p o s i t  problems,  f u r n a c e  s l a g  and 
f o u l i n g  o f  convec t ion  s e c t i o n s  and s u p e r h e a t e r s .  Corros ion  o f  super -  
h e a t e r s  and s u p p o r t s  i s  a s s o c i a t e d  wi th  t h e  l a t t e r  t y p e  of  d e p o s i t s .  
T h i s  s tudy  i s  a d d r e s s e d  t o  a l l e v i a t i o n  of t h e  f o u l i n g  and c o r r o s i o n  
of  s u p e r h e a t e r s .  , 

The key components i n  s u p e r h e a t e r  c o r r o s i o n  by c o a l  a s h  are khe 
a l k a l i  i r o n  s u l f a t e s .  They are mol ten  at  s u p e r h e a t e r  metal tempera- 
t u r e s  and p a r t i c i p a t e  i n  c o r r o s i v e  r e a c t i o n s ,  d e s t r o y i n g  t h e  p r o t e c -  
t i v e  metal  ox ide  c o a t i n g  and c a u s i n g  r a p i d  c o r r o s i o n .  These compounds 
and t h e i r  m e l t i n g  p o i n t s  a r e  shown i n  T a b l e  1. 

TABLE 1. A l k a l i  i r o n  s u l f a t e s  

M e l t i n g  p o i n t s  O F  

1155 

1274 

1145 

1281 

I n  a d d i t i o n  t o  c o r r o s i o n ,  t h e  a l k a l i  i r o n  s u l f a t e s  may c o n t r i b u t e  
s - i g n i f i c a n t l y  t o  t h e  f o u l i n g  of  s u p e r h e a t e r s  and  t h e  h o t t e r  p a r t s  o f  

I 

I, 

I 

I 

I1 I 

I 

I 
I 

I 

Il 
I 
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convect ion  s e c t i o n s .  The molten s u l f a t e s  can t r a p  o t h e r  a s h  p a r t i c l e s  
and bond them. 

CHEMICAL TREATMENT 

There are two common mechanisms i n  d i r e c t  chemical  t r e a t m e n t  o f  
a s h  d e p o s i t s .  One i s  chemical  r e a c t i o n  o f  t h e  a d d i t i v e  w i t h  t h e  i n j u -  
r i o u s  d e p o s i t  components o r  t h e i r  p r e c u r s o r s  t o  form l e s s  harmful  pro-  
d u c t s .  I n  t h e  c a s e  o f  o i l  a s h ,  f o r  example, magnesium o x i d e  r e a c t s  
w i t h  vanadium p e n t o x i d e  o r  sodium vanadyl  vanadates  t o  form magnesium 
vanadate ,  3MgO*V205, which m e l t s  a t  2179'F. 

and by Rahmel ( 8 ) .  Treatment  w i t h  a l k a l i n e  e a r t h  meta l  compounds w a s  
proposed t o  form compounds such as K2Ca2(SOq)3 and K2Mg2(S04)3 a t  t h e  
expense of t h e  a l k a l i  i r o n  s u l f a t e s .  

The second mechanism i s  p h y s i c a l .  D i l u t i o n ,  format ion  of  a b a r -  
r i e r  l a y e r ,  o r  a b s o r p t i o n  o f  melts can prevent  molten d e p o s i t s  from 
c o n t a c t i n g  t u b e  s u r f a c e s ,  and hence prevent  c o r r o s i o n .  A l l  o f  t h e s e  
phenomena can  a l s o  reduce  t h e  f o r m a t i o n  of  bonded d e p o s i t s .  C e r t a i n  
types  of  s u c c e s s f u l  o i l  a d d i t i v e s  a r e  thought  t o  work i n  t h i s  manner 

Treatment by chemical  r e a c t i o n  h a s  been s u g g e s t e d  b y  B o r i o  ( 7 )  

(1). 

It appears  from e x p e r i e n c e  t h a t  t h e  b e s t  method of  a p p l i c a t i o n  i s  
t o  feed  a d d i t i v e s  i n t e r m i t t e n t l y  and t o  c o o r d i n a t e  f e e d  w i t h  t h e  s o o t -  
blower c y c l e .  The t r e a t m e n t  i s  f e d  immediately a f t e r  t h e  sootb lowers  
have swept t h e  t a r g e t  a r e a ,  s o  as  t o  a l l o w  maximum c o n t a c t  w i t h  i n n e r  
d e p o s i t  l a y e r s .  Great  c a r e  must be e x e r c i s e d  i n  choosing t h e  p o i n t s  
and methods of  a d d i t i o n  t o  a s s u r e  t h a t  t h e  maximum amount o f  a d d i t i v e  
reaches  t h e  t a r g e t  s u r f a c e s .  Success  has been r e p o r t e d  f o r  i n t e r m i t -  
t e n t  f e e d  ( 3 ,  6 ) .  To prevent  c o r r o s i o n  and bonding,  t h e  a l k a l i  i r o n  
s u l f a t e s  i n  t h e  i n n e r  d e p o s i t  l a y e r s  must be a f f e c t e d .  A t t a c k i n g  
t h e s e  compounds w i t h  a d d i t i v e s  i s  f e a s i b l e ,  s i n c e  t h e y  c o n s t i t u t e  a 
r e l a t i v e l y  small  f r a c t i o n  of  t h e  t o t a l  a s h .  Even w i t h  i n t e r m i t t e n t ,  
d i r e c t e d  f e e d ,  however, t he  major barr ier  t o  s u c c e s s f u l  t r e a t m e n t  i s  
d i l u t i o n  o r  b l o c k i n g  o f  t h e  a d d i t i v e  by t h e  b u l k  of  t h e  d e p o s i t s .  It 
i s  t h i s  e f f e c t  o f  t h e  m a t r i x  which c h i e f l y  d i s t i n g u i s h e s  c o a l  t r e a t -  
ment from o i l  t r e a t m e n t .  

S u c c e s s f u l  t r e a t m e n t  w i t h  a d d i t i v e s  f e d  w i t h  t h e  f u e l  i s  u n l i k e l y  
due t o  d i l u t i o n  by t h e  b u l k  of  t h e  b o a 1  a s h .  

PRESENT INVESTIGATION 

This  paper  r e p o r t s  a l a b o r a t o r y  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  
a d d i t i v e s  on s y n t h e t i c  s u p e r h e a t e r  d e p o s i t s  which t a k e s  i n t o  account  
t h e  e f f e c t  of  t h e  m a t r i x .  The e f f e c t  o f  a d d i t i v e s  on a l k a l i  i r o n  s u l -  
f a t e s  was f i r s t  de te rmined .  The experiments  were t h a n  r e p e a t e d  w i t h  
t h e  a d d i t i o n  o f  a t h i r d  component: a m a t r i x  o f  b u l k  c o a l  ash. 

The c r i t e r i a  f o r  s u c c e s s  were t h e  f o r m a t i o n  o f  s o l i d ,  f r i a b l e  re- 
a c t i o n  products  w i t h  t h e  a l k a l i  i r o n  t r i a u l f a t e s  a t  llOOOF and mainte-  
nance of a s o l i d ,  f r i a b l e  product  w i t h  t h e  a d d i t i o n  o f  t h e  a s h  m a t r i x  
up t o  18000F, a r e p r e s e n t a t i v e  gas  t e m p e r a t u r e  a t  s u p e r h e a t e r  banks .  

F r i a b i l i t y  o f  t h e  m i x t u r e  a t  t h e  h i g h e r  tempera ture  was r e q u i r e d  
s i n c e  r e a c t i o n  of t h e  a d d i t i v e s  w i t h  i n n e r ,  s u l f a t e - r i c h  d e p o s i t  l a y -  
ers  w i l l  r e q u i r e  p e r i o d i c  removal  of  o u t e r  l a y e r s  by sootb lowers .  I n  
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p r a c t i c e ,  i f  t h e  a d d i t i v e  and t h e  o u t e r  parts o f  t h e  d e p o s i t  do n o t  
form f r i a b l e  p r o d u c t s ,  a t t e m p t s  a t  t r e a t m e n t  w i l l  s imply powder t h e  
t o p  of growing d e p o s i t s .  

EXPERIMENTAL 

Addi t ives  were h e a t e d  f o r  two hours  w i t h  a l k a l i  i r o n  s u l f a t e s  
under  a h i g h - s u l f u r  t r i o x i d e  atmosphere t o  promote t h e  s t a b i l i t y  of  
t h e  s u l f a t e s .  They were examined a f t e r  h e a t i n g  a t  llOO°F and 1 8 0 0 ~ ~ .  
Appearance w a s  noted v i s u a l l y  and f r i a b i l i t y  was t e s t e d  w i t h  a s p a t u l a  
It was noted whether  t h e  h e a t e d  m a t e r i a l s  had wet t h e  c o n t a i n e r s .  
S e l e c t e d  products  were c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n .  The i n v e s -  
t i g a t i o n s  were r e p e a t e d  w i t h  t h e  a d d i t i o n  of  t h e  a s h  m a t r i x  m a t e r i a l s .  

The equipment i s  shown i n  F i g u r e  1. A commercial S02-a i r  m i x t u r e  
was c a t a l y t i c a l l y  o x i d i z e d  t o  S O 3  over  a V205 c a t a l y s t .  

ADDITIVES AND SYNTHETIC DEPOSITS 

The a l k a l i  i r o n  s u l f a t e s  were prepared  by t h e  w e t  method o f  Corey 
and Sidhu ( 9 ) .  The s y n t h e s i s  and t h e  s t a b i l i t y  of t h e  materials a t  
llOO°F under t h e  e x p e r i m e n t a l  a tmosphere were checked by X-ray d i f f r a c -  
t i o n .  One s i m u l a t e d  a s h  m a t r i x  had a n  e l e m e n t a l  composi t ion  t y p i c a l  
of E a s t e r n  c o a l s .  It was t h e  f o l l o w i n g  m i x t u r e :  S i 0 2  ( 4 0 . 1  weight  % ) ,  
A120 (16.7), Fe20 ( 2 2 . 4 ) ,  C a O  ( 7 . 7 ) ,  MgO ( 0 . 8 ) ,  Na2S04(6.6), and K2- 

?:$ weight  % I ,  A1203 ( l l ) ,  Fe203 ( g ) ,  C a O  ( 2 3 ) ,  MgO ( 8 )  and Na2SO4 ( 2 5 ) .  

t h e  mixture  mel ted  gelow ql800F.  
Higher  tempera tures  would have  i n c r e a s e d  t h e  i n s t a b i l i t y  o f  t h e  s u l f a t e s  
and made t h e  atmosphere more c r i t i c a l .  

f 5 . 9 )  The o t a e r  s i m u l a t e d  Western c o a l  a s h  and conta ined  S i 0 2  

A m i x t u r e  of K Fe(S0 ) and N a  Fe(S04) by weight  was used because  
T z i s  a l l o a e d  s t u d i e s  a t  1100'F. 

The a d d i t i v e s  i n  Table  2 a re  a v a i l a b l e  i n  commercial g r a d e s .  The 
r a re  e a r t h  o x i d e  m i x t u r e  c o n t a i n e d  48% CeO2 and 34% La 0 
t i v e s  were a p p l i e d  a t  a r a t i o  o f  1:l by weight  t o  t h e  &&li i r o n  s u l -  
f a t e  m i x t u r e .  M a t r i x  m a t e r i a l  was added as 1 p a r t  by w e i g h t  t o  1 p a r t  
ddui  ~~ve-tu-~-~~~i-bUl-~d'i;es. 

The addi -  

~. l..L... 

RESULTS AND DISCUSSION 

Without M a t r i x  

Table  2 shows t h a t  e f f e c t i v e  d e p o s i t  c o n d i t i o n i n g  was achieved  
w i t h  a wide r a n g e  of materials i n c l u d i n g  b o t h  a c i d i c  and b a s i c  o x i d e s .  
Mixtures  conta ined  t h e  w e i g h t  r a t i o s  shown. 

TABLE 2.  A d d i t i v e  e v a l u a t i o n ,  no m a t r i x  

Addi t ive  Product  a t  l lOO°F 1800°F 

Cont ro l  mel t  mel t  

MgO powder melt  

C a O  f u s i o n ,  s t i c k i n g  - 
Rare e a r t h  o x i d e  powder melt  
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TABLE 2. Addit ive e v a l u a t i o n ,  no m a t r i x  

A d d i t i v e  Product  a t  llOO°F 

T i 0 2  powder 

MnO f u s i o n ,  no s t i c k i n g  

c uo melt  

Z nO me1 t 

A1203 powder 

s i 0 2  powder 

MgO 66.7/A1203 33.3 powder 

MgO 28.3/A1203 71 .7  powder 

MgO 50.O/siO2 50.0 powder 

CaSi03 s l i g h t  f u s i o n  

1 8 0 0 ' ~  

melt 

f u s i o n ,  m e l t  

f u s i o n ,  s l i g h t  
m e l t  

m e l t  

m e l t  

s l i g h t  f u s i o n  

m e l t  

m e l t  

O f  t h e  t r a n s i t i o n  and p o s t - t r a n s i t i o n  metals only  t i t a n i a ,  t h e  r r e  
ear h oxidealland perhaps manganous o x i d e  were s a t i s f a c t o r y .  T i t t ,  
Lat% and Ce g i v e  a formal  o c t e t  a t  t h e  metal, as d o  t h e  f o r m a l  oxi -  
d a t i o n  s t a t e s  i n  magnesia, alumina, and s i l i c a .  The n o b l e  e l e c t r o n i c  
c o n f i g u r a t i o n  appears  t o  b e  a f a v o r a b l e  f a c t o r .  

It  i s  noteworthy t h a t  calcium and magnesium were n o t  e q u i v a l e n t .  
A r e c e n t  c o r r e l a t i o n  of  c o a l  ash  composi t ion  w i t h  m e l t i n g  b e h a v i o r  ( 1 0 )  
d i s t i n g u i s h e d  elements  o n  t h e  b a s i s  of i o n i c  r a d i i  and i o n i c  p o t e n t i a l .  
Magnesium f e l l  w i t h  S i ,  T i ,  and A l ,  w h i l e  C a  f e l l  w i t h  N a  and K .  The 
same t r e n d  appears  t o  hold  f o r  r e a c t i o n  w i t h  a l k a l i  i r o n  s u l f a t e s .  

Another t r e n d  i s  tha t  w i t h  t h e  s t a b i l i t y  of t h e  s u l f a t e  o f  t h e  
a d d i t i v e .  S a t i s f a c t o r y  a d d i t i v e s  w i t h  s u l f a t e s  u n s t a b l e  a t  l l O O ° F  were 
T i 0  S i 0  and A 1 2 0  . Poor per formers  w i t h  s t a b l e  s u l f a t e s  a t  llOO°F 
i n c s i d e d  ZuO, ZnO, $a0 and MnO. 
Genera l ly  materials w i t h  u n s t a b l e  sul!ates were more e f f e c t i v e .  

MgSO i s  s t a b l e ,  b u t  l e s s  s o  t h a n  CaS04. 

S i n c e  some of t h e  h e a v i e r  e lements  performed p o o r l y ,  a s tudy  was 
conducted t o  assure t h a t  t h e  r e s u l t s  i n  Table  2. were not  b i a s e d  by 
unequal  a d d i t i v e :  s u l f a t e  mole r a t i o s .  It was determined t h a t  one 
mole o f  MgO p e r  0 .23 moles of  t r i s u l f a t e s  was needed f o r  a s a t i s f a c -  
t o r y  product .  A l l  of  t h e  o t h e r  ox ides  were t h e n  r e a c t e d  w i t h  t h e  s u l -  
f a t e s  a t  t h a t  mole r a t i o  and t h e i r  performance r e l a t i v e  t o  MgO was n o t  
changed from t h a t  shown i n  Table  2. 

The a d d i t i o n  of a second component i n c r e a s e d  e f f e c t i v e n e s s  i n  
some c a s e s .  Calcium s i l i c a t e  performed b e t t e r  t h a n  C a O ,  and one MgO- 
A120 
may Zave been due t o  s p i n e l  format ion  a s  shown i n  Table  3 .  

mix ture  was s u p e r i o r  t o  magnesia or alumina a l o n e .  The l a t t e r  
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TABLE 3 .  C r y s t a l l i n e  Reac t ion  Products  

Addi t ives  Temperature  Products  

M go llOO°F MgSO4, K2Mg2(SO4)3,(Ky Na)3 Fe(S04)3* 

MgO 1 8 0 0 ~ ~  MgO, K2Mg2(S04)3, MgFe204* 

A120 3 l lOO°F  A l 2 O 3 ,  ( K ,  N a I 3  Fe(SO4I3 

1800°F A1203, U n i d e n t i f i e d *  A1203 

A 1  03  7 1 . 7  
Mg6 28.3 

l l O O ° F  K2Mg2(S04)3, A1203, U n i d e n t i f i e d *  

1800°F MgA1204, K2Mg2(SO4) 3, U n i d e n t i f i e d *  

* Minor 

The i d e n t i f i c a t i o n  of  t h e  r e a c t i o n  p r o d u c t s  showed t h a t  magnesia 
r e a c t e d  t o  form K Mg (Sob) . 
I t s  b e n e f i c i a l  ef?ecEs werz due t o  d i l u t i o n  and a b s o r p t i o n .  A t  1800°F 
magnesia and alumina r e a c t e d  t o  form t h e  s p i n e l  MgA1204. 
been  shown t o  b e  a n  e f f e c t i v e  a d j u n c t  t o  magnesia f o r  c o n d i t i o n i n g  o i l  
a s h  d e p o s i t s  (ll), and s p i n e l  h a s  been i d e n t i f i e d  i n  t h o s e  d e p o s i t s .  
The same b e n e f i c i a l  e f f e c t  i s  a p p a r e n t  h e r e .  

N o  r e a c t i o n  was a p p a r e n t  f o r  alumina.  

Alumina h a s  

With Matr ix  

The r e s u l t s  i n  Table  4 a r e  c a u t i o n a r y  and provide  no s imple  t r e n d  
t o  a l low one t o  p r e d i c t  t h e  r e l a t i v e  performance o f  t h e  a d d i t i v e s .  

TABLE 4 .  A d d i t i v e  E v a l u a t i o n  w i t h  Matr ix  

A d d i t i v e  Matr ix  Product  a t  1 8 0 0 ~ ~  

C o n t r o l  E a s t e r n  o r  Western m e l t  

MgO E a s t e r n  o r  Western sl. f u s i o n ,  s t i c k i n g  

E a s t e r n  o r  Western s l .  f u s i o n ,  s t i c k i n g  A1203 
s i 0 2  E a s t e r n  o r  Western m e l t  

~ _. - 

MgO 28.3 E a s t e r n  o r  Western powder, some s t i c k i n g  
A1203 71.7 

MgO 50 E a s t e r n  o r  Western powder, some s t i c k i n g  
S i 0 2  50 

CaSi03 E a s t  e r n  
West e r n  

- m e l t  
powder, some s t i c k i n g  

Magnesia, a lumina,  t h e i r  combina t ion  and t h e  m a g n e s i a - s i l i c a  com- 
b i n a t i o n  showed s a t i s f a c t o r y  performance.  B e n e f i c i a l  e f f e c t s  of mix- 
t u r e s  were a g a i n  s e e n  f o r  t h e s e  materials,  as t h e  combinat ions were 
s u p e r i o r  t o  MgO or A1203 a l o n e .  
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However, s i l i c a ,  which performed w e l l  i n  t h e  absence  o f  t h e  m a t r i x ,  
was u n s a t i s f a c t o r y .  The format ion  of t h e  m e l t  w i t h  t h e  E a s t e r n  m a t r i x  
was n o t  p r e d i c t a b l e  by s t a n d a r d  composi t ion-behavior  c o r r e l a t i o n s  ( 1 2 )  , 
The extreme d i f f e r e n c e  for t h e  two m a t r i c e s  w i t h  CaSi03 was a l s o  s u r -  
p r i s i n g .  This  u n p r e d i c t a b i l i t y  i s  a r e f l e c t i o n  of t h e  complex chemical  
system involved .  The complexi ty  may b e  s e e n  i n  m e c h a n i s t i c  s t u d i e s  
which have been r e p o r t e d  ( 1 3 ) .  An e m p i r i c a l  approach i s  s u g g e s t e d ,  

CONCLUSIONS 

The c o r r o s i v e  components of  s u p e r h e a t e r  d e p o s i t s  may b e  chemical ly  
t r e a t e d  by a wide r a n g e  o f  m a t e r i a l s ,  b o t h  a c i d i c  and b a s i c .  They i n -  
c l u d e  magnesia, a lumina,  t i t a n i a ,  s i l i c a  and r a r e  e a r t h  oxides  and t h e i r  
combinat ions.  

Only t h o s e  a d d i t i v e s  which form high-mel t ing  f r i a b l e  products  w i t h  
t h e  a l k a l i  i r o n  s u l f a t e s  i n  t h e  p r e s e n c e  of  a m a t r i x  of b u l k  ash  should  
b e  used.  It  i s  not  p o s s i b l e  t o  p r e d i c t  s u i t a b i l i t y  from composi t ion a t  
t h i s  t ime.  

S u i t a b l e  a d d i t i v e s  may b e  s e l e c t e d  e m p i r i c a l l y  by s t u d i e s  such a s  
t h e  p r e s e n t  one u s i n g  samples o f  t h e  a p p r o p r i a t e  d e p o s i t s .  The s t u d i e s  
may b e  conducted by r e p u t a b l e  chemical  t r e a t m e n t  s u p p l i e r s .  

t o  apply t h e  a d d i t i v e s  i n  such a way t h a t  maximum b e n e f i t s  may b e  
achieved .  Only w i t h  such c o o p e r a t i o n  may t h e  d i f f i c u l t i e s  i n h e r e n t  i n  
a high-ash f u e l  be  overcome. 

S u p p l i e r s  and b o i l e r  o p e r a t o r s  must t h e n  work i n  c l o s e  c o o p e r a t i o n  
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